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ABSTRACT
Microelectromechanical systems (MEMS) devices have been increasing in popularity for
radio frequency (RF) and microwave communication systems due to the ability of MEMS
devices to improve the performance of these circuits and systems. This interdisciplinary
field combines the aspects of lithographic fabrication, mechanics, materials science, and
RF/microwave circuit technology to produce moving structures with feature dimensions on
the micron scale (micro-structures). MEMS technology has been used to improve switches,
varactors, and inductors to name a few specific examples. Most MEMS devices have been
fabricated using planar micro fabrication techniques that are similar to current integrated
circuit (IC) fabrication techniques. These techniques limit the thickness of individual layers
to a few microns, and restrict the structures to have planar and not vertical features.
One micro fabrication technology that has not seen much application to microwave MEMS
devices is LIGA, a German acronym for X-ray lithography, electroforming, and moulding.
LIGA uses X-ray lithography to produce very tall structures (hundreds of microns) with
excellent structural quality, and with lateral feature sizes smaller than a micron. These
unique properties have led to an increased interest in LIGA for the development of high
performance microwave devices, particularly as operating frequencies increase and physical
device size decreases. Existing work using LIGA for microwave devices has concentrated
on statically operating structures such as transmission lines, filters, couplers, and antennas.
This research uses these unique fabrication capabilities to develop dynamically operating
microwave devices with high frequency performance.
This thesis documents the design, fabrication and testing of LIGA-MEMS variable ca-
pacitors that exploit the vertical dimension. Also included are methods to improve both the
reliable fabrication and operation of these devices as well as material property characteri-
zation. Variable capacitors can be found in systems such as voltage-controlled oscillators,
filters, impedance matching networks and phase shifters. Important figures-of-merit for these
devices include the quality factor (Q), tuning range and tuning voltage.
Two different types of variable capacitors are presented, a pull-away design and a design
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based on the principle of leveraged bending. The pull-away style variable capacitors were
found to have high Q-factors, especially the devices fabricated using a thick gold device layer.
As an example, the small gold half capacitance electrode design features a Q-factor of 95 at
an operating frequency of 5.6 GHz and a tuning ratio of 1.36:1 with a tuning voltage range
of 0 to 7.8 V.
The design based on leveraged bending significantly improves the tuning ratio to a value
of 1.9:1 while still maintaining a high Q-factor similar to those found in the pull-away style
designs. A further increase in tuning ratio to a value of approximately 2.7:1 would be possible,
based on simulated results, by simply changing the angle of the capacitance electrode in the
layout.
To improve device performance and fabrication reliability, modifications were made to
both the fabrication process and the device layout. In the fabrication process the exposure
step, electroplating step, and the etching process were modified to improve the quality of
the resulting devices. In the layout, anti-stiction measures were introduced that reduce the
contact area during collapse.
To improve device characterization as well as the feedback link between simulation and
fabrication, a set of test structures called VM-TEST was developed to accurately determine
the important mechanical material properties of thick electroplated layers. These structures
utilize the measurement of the pull-in voltage in cantilever and fixed-fixed beams, along
with measured structure dimensions, to accurately extract the mechanical properties. Both
nickel and gold test structures were analyzed with extracted Young’s modulus values of
186.2 and 60.8 GPa respectively.
Also presented is a study of the gap shape in cantilever and fixed-fixed beams that
significantly reduces the pull-in voltage while still maintaining a required maximum actuator
displacement. It was shown that in the case of cantilever beam actuators, an approximately
40% reduction in pull-in voltage is possible, and in the case of fixed-fixed beam actuators, an
approximately 30% reduction is possible by simply varying the shape of the gap between the
beam and actuator electrode. These results can be used to significantly reduce the pull-in
voltage of future designs.
These promising results show that the LIGA fabrication process is capable of produc-
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ing high performance dynamically operating RF MEMS devices, by exploiting the vertical
dimension, not typically performed in most existing RF MEMS designs.
iv
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1. Introduction
1.1 Motivation
The significant performance advantages of microwave microelectromechanical systems
(MEMS) devices compared to traditional non-MEMS devices has led to an increase in atten-
tion in recent years. Examples of these devices used in radio frequency (RF) circuits include
switches, variable capacitors, and inductors found in systems such as voltage-controlled oscil-
lators (VCOs), filters, and phase shifters. They have been developed to replace their on-chip
solid-state counterparts, and certain off-chip components. RF MEMS devices have been
utilized in low volumes since approximately 2005 mainly for instrumentation applications.
Recently, RF MEMS devices have started volume shipping in cellphones. An example is the
tunable impedance matching network (TIM) device used for antenna impedance matching,
which consists of a network of inductors and digitally tunable low-loss MEMS capacitors
from the company WiSpryTM. Forecasters predict worldwide sales of RF MEMS devices
to be approximately $300M U.S. dollars in 2012 and expand to approximately $800M by
2016 [1].
In the case of variable capacitors, conventional solid-state varactors are made in silicon
or gallium arsenide using either p-n or Schottky-barrier junction structures. These devices
have room for improvement in all figure-of-merit categories. They often suffer from excessive
resistive loss caused by large series resistance and, thus, a low quality factor (Q), and a
low electrical self-resonance, due to large parasitics, especially when made on silicon sub-
strates [2]. They feature adequate tuning ratios (typically > 2:1) for most applications, but
have poor linearity. Specifications often quote the Q-factor at 50 MHz, with values in the
hundreds or thousands, which is not valid at higher frequencies. As an example, in [3], the
1 pF varactor diode has a manufacturer specified Q-factor of 4800 at 50 MHz, from which
the series resistance can be calculated to be 0.66 Ω. Measurements of the device at 3 GHz
show a Q-factor of 33 and series resistance of 1.64 Ω.
The use of MEMS devices promises high integration. This is attractive since it has the
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potential to reduce cost, size, and power consumption [2]. In the case of MEMS variable ca-
pacitors, a main advantage is the potential for high Q-factors at high frequencies. At frequen-
cies approaching X-band (8 - 12 GHz) the capacitance value required for most applications
can become very small (0.1 - 0.3 pF). Passive components such as a tunable capacitor are
rarely used at these high frequencies. With current technologies lumped-element approaches
are abandoned for distributed-element or microwave approaches. With the miniaturization
capabilities of MEMS technologies, MEMS variable capacitors have the potential to appear
lumped at frequencies into the X-band and beyond [4, 5].
The LIGA (German acronym for Ro¨ntgenlithographie, Galvanoformung, Abformung - in
English, X-ray lithography, electroforming and moulding) fabrication process appears to be
very well suited for RF MEMS devices. The fine resolution patterning possible using LIGA
allows the designer to produce very accurate structures. Combining this with the deep re-
sist penetration of LIGA potentially allows one to design beams and gaps that are very tall
and narrow. Aspect ratios on the order of 100:1 have been demonstrated. When designing
variable capacitors that are electrostatically actuated, this is beneficial since actuation volt-
ages decrease with a reduction of either the beam width or the gap size. LIGA is also not
restricted to thin metal layers, as are most other MEMS processes. The use of thick metal
conductors will reduce the resistance, which leads to devices with higher Q. The thick metal
layers allow for a potential decrease in lateral (electrical) size due to the use of the vertical
dimension for some applications including capacitors. The use of thick metal layers is also
expected to improve power handling capability. Many current MEMS processes are based
upon the use of a silicon substrate, which is lossy at higher frequencies. Since LIGA is not
restricted to silicon substrates, microwave appropriate substrates can be utilized, which leads
to a reduction in parasitics and leads to a higher electrical self-resonance. These strengths
found in the LIGA process should lead to MEMS variable capacitors with low actuation
voltages, high Q-factors, and high self-resonant frequencies.
However, fabricating long, thin, high aspect ratio beams and gaps in the LIGA process
is not trivial. The standard process is not optimized for structures such as these and the
most commonly used metal, nickel, is not ideal for RF structures due to a relatively poor
conductivity and the fact that it is magnetic, which reduces the skin depth at high frequen-
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cies. Also, the material properties of many micro-electroplated metals are unknown and can
vary significantly from bulk values and are highly dependant on processing parameters. This
uncertainty makes simulations difficult since accurate simulations rely on accurate material
properties. Therefore, the improvement of processing for high aspect ratio RF MEMS devices
as well as material characterization is as equally important as device design and fabrication.
1.2 Introduction to MEMS
MEMS (microelectromechanical systems) is a name given to encompass the emerging field
of microsystems. MEMS devices are becoming increasingly important in the development of
new products and systems as miniaturization leads to more desirable components that take
up less space, consume less power, and are more convenient to use. The “micro” in the name
implies that the dimensions of the devices are in the micrometer scale. They typically range
in size from approximately 20 micrometers to 1 millimeter and contain components between
1 and 100 micrometers in size. The “electro” infers that there is electricity or electronics
involved. This aspect is usually used as a control mechanism. The “mechanical” term is
used to convey the notion of movement. Using the “system” term implies the connection of
smaller devices to produce a useful organization.
The development of MEMS devices followed naturally from the development of integrated
circuit (IC) fabrication technologies. The performance and cost gains achieved by miniatur-
izing electrical circuits has led to an interest in miniaturizing devices that rely on mechanics,
optics, fluidics, etc. This drive has led to the devices and technologies that the acronym
MEMS has come to encompass.
One of the major factors that has led the MEMS drive is integration. MEMS technology
promises the ability to integrate mechanical devices such as certain types of sensors, with
the electronics that are required to control and analyze the information from these devices.
This integration of all required components onto the same substrate is beneficial from many
perspectives. As with integrated circuit development, the obvious advantages are an increase
in performance and a decrease in cost.
These advantages extend beyond the fields of Electrical and Mechanical Engineering.
These devices have found promise in such diverse fields as biomedics, microfluidics, and op-
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tics. MEMS devices currently find success in many established products. Examples that
have found widespread use include inkjet printer heads, microaccelerometers for automo-
tive airbag systems and smart devices, and micromirrors for optical switching and display
systems.
MEMS devices have many obstacles to overcome. The major problems are design, fabri-
cation, integration, packaging, and reliability. MEMS design is challenging in that it often
encompasses multiple physics domains simultaneously. The designer must find ways to an-
alyze complex interactions between these different domains. For some of these problems
computer aided design (CAD) software can be used. In most cases simulation software does
not take into account all of the factors that determine the complete operation of the structure
at once. Fabrication of MEMS devices is typically expensive and often not standardized.
There are many different methods that can be employed to develop a MEMS device. This
is also a problem that affects integration. Integration becomes more difficult when there are
multiple methods to produce structures. Packaging is an area of ongoing MEMS research
due to the diversity of MEMS devices. Since these devices can be used in many different
fields the packaging often needs to reflect the unique requirements of the MEMS device.
In capacitive devices that include a dielectric layer, dielectric charging has been shown to
limit device lifetime [6]. Also, MEMS devices contain moving parts which could also affect
reliability. Most MEMS materials were not historically used as structural materials and are
therefore receiving increased attention.
All true MEMS devices have one thing in common, actuation. Actuation refers to the
act of affecting or transmitting mechanical motion, forces, and work by a device or system
on its surroundings in response to the application of a bias voltage or current [7]. The
most common types of actuators are electrostatic and thermal and examples are shown in
Figure 1.1. Other types such as magnetic, piezoelectric, shape memory alloys, and hydraulic
find occasional uses. They are not used more frequently due to the requirement of exotic
materials, which cannot easily be incorporated into many MEMS processes.
Electrostatic actuators have found widespread use due to their simplicity, fast response,
and low power consumption. In their simplest form they are two metal structures separated
by an air gap. A bias voltage is applied between the metal structures, which results in a
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(a) Electrostatic (reproduced from [2]) (b) Thermal (reproduced from [8])
Figure 1.1: Electrostatic and thermal actuators.
separation of charges between them. This produces an electrostatic force that can be used
to decrease the gap between the plates. An example of an electrostatic actuator is shown in
Figure 1.1(a) [2].
Thermal actuators are often used because they can produce large deflections using a low
voltage. The main disadvantages of thermal actuators are that they are power inefficient and
react slowly, clearly not desirable qualities for RF MEMS circuits. Thermal actuators often
become quite hot, which can be unfavorable from a reliability point of view. They operate
on the principle of unequal expansion due to thermal heating. An example of a thermal
actuator is shown in Figure 1.1(b) [8]. A current is passed through the thin and thick arms
of the actuator. The thin arm will reach a higher temperature than the thick arm, which
will cause it to expand more than the thick arm. This results in a displacement of the entire
actuator.
1.3 LIGA Fabrication Process
The major steps in the LIGA process are deep X-ray lithography (DXRL) using synchrotron
radiation, followed by the electroplating of metals, followed by moulding. The process was de-
veloped during the 1980’s at the Nuclear Research Centre Karlsruhe (Kernforschungszentrum
Karlsruhe), now the Karlsruhe Institute of Technology (Karlsruher Institut fu¨r Technologie,
KIT) in Karlsruhe, Germany, as a means to produce very small and precise separation nozzles
5
for uranium isotopes [9,10]. The institute responsible for the development of the LIGA pro-
cess at KIT is the Institute for Microstructure Technology (Institut fu¨r Mikrostrukturtechnik,
IMT).
What distinguishes DXRL from other techniques, is not strictly the small feature size, but
the ability to combine “small” structures with “deep” structures that have high accuracies
and aspect ratios. Very tall structures can be realized (hundreds of microns) with lateral
feature sizes smaller than a micron. Structures with vertical aspect ratios on the order of
100:1 have been demonstrated, which is not currently possible using any other fabrication
technique with comparable quality. The sidewalls of these tall structures are typically almost
vertical (greater than 89.95◦) [11] and very smooth (optical quality roughness) [12]. The
entire LIGA process allows the user to create very precise, tall microstructures from a wide
range of materials in thick layers such as polymers, metals, and ceramics. These structures
can be fabricated on virtually any substrate making the entire process extremely flexible.
These unique properties have led to an interest in LIGA for the development of high per-
formance microwave devices. Existing work using LIGA for microwave devices has concen-
trated mainly on statically operating structures such as transmission lines, filters, couplers,
resonators, inductors and antennas [5, 13–18]. In dynamically operating MEMS devices,
certain entities must be free to move during actuation. In many devices using electrostatic
actuation, the entity that moves is often a thin beam. If the beam is fixed along one edge
it is called a cantilever beam. If it is fixed along two opposite edges it is called a fixed-fixed
beam. Two possible ways a beam can be fabricated using the LIGA process are shown in
Figure 1.2. In Figure 1.2(a), the cantilever beam is floating above the substrate and is fixed
to a large metal piece. This can be accomplished by using the metal electroplating seed
layer as a sacrificial layer. The structure shown in Figure 1.2(a) is a cantilever beam, but
the sacrificial layer technique can be used to construct fixed-fixed beam structures as well.
In Figure 1.2(b) the bottom edge of the cantilever beam is attached to the substrate. This is
accomplished by pre-patterning the seed layer. Fixed-fixed type beams cannot be produced
simply using this technique as it would require fixing the top edge of the beam. One possible
method to accomplish this would be to add a second layer to the process.
The devices discussed in this work were designed to be suitable for fabrication using the
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(a) Seed layer as sacrificial layer (b) Pre-patterned seed layer
Figure 1.2: LIGA beam configurations.
seed layer as a sacrificial layer. No devices were designed that could be produced using the
patterned seed layer technique. The sacrificial layer technique was chosen for a number of
reasons. The first reason is that it requires a single lithography step unlike the patterned seed
layer technique, which requires two lithography steps and possibly two masks in different
technologies. The second reason is that the patterned seed layer technique requires very
precise alignment of the patterned seed layer with the X-ray mask. The precise alignment is
necessary since the beam widths and gap sizes are small. Alignment accuracy would depend
on the structures, but could be sub-micron which further complicates the process. The
third reason is that there are possible problems with the adhesion of the seed layer to the
substrate during actuation of the beam. During actuation, if the adhesion of the seed layer
and substrate is not strong enough, the seed layer could pull away from the substrate, which
would cause a failure of the device. This is not likely a problem with the sacrificial layer
technique, since the beam and the connecting region is a continuous metal layer and the
connecting area has comparatively large seed layer interface to the substrate. The patterned
seed layer technique also does not allow rounding of the connecting edge of the beam, which
was shown to be important in [19].
The fabrication steps applicable to the devices in this work are shown in Figure 1.3. The
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fabrication process begins with the structure shown in Figure 1.3(a). The bottom layer is
the substrate onto which a thin metal film called a seed layer is applied. A wide variety
of substrate materials and thicknesses can be used depending on the application. Typically
these are 4 inch diameter wafers and range in thickness from 250 - 1000 µm. Examples of
common materials include silicon, alumina, and quartz. The thin metal seed layer film is
deposited onto the substrate using the sputtering process to a thickness of approximately
3 µm. Typically titanium is used as the seed layer which is then oxidized to form Ti/TiOx
(titanium, oxidized titanium), which will act as a seed layer during electroplating. Titanium
is used as it is a compromise between the requirements for good resist adhesion and the
ability to initiate electroplating [12]. Next, a photoresist foil of poly(methyl methacrylate)
(PMMA) (GS 233) from 100 µm to a few millimetres in thickness is glued to the plating base.
Before gluing, the foil is flycut to the predetermined thickness. The glue layer behaves in a
similar manner to the PMMA foil during the remaining process steps once it has completely
hardened. PMMA is the most common X-ray sensitive resist material that is used and this
layer will be patterned to define the MEMS structures.
The next step is to expose the PMMA to X-ray radiation as shown in Figure 1.3(b).
An absorber pattern from an X-ray transparent mask is transferred into the PMMA using
highly collimated synchrotron hard X-ray radiation with a characteristic wavelength between
0.2 and 0.6 nm. The mask is typically constructed of an absorber pattern on top of a
carrier foil. The absorber must have a high atomic weight and therefore a high absorption
coefficient. The most common metal used by far is gold, but tantalum and tungsten have
also been used [12]. To achieve appropriate absorption the gold layer must be at least 10 µm
thick [12]. The carrier foil must have a low absorption coefficient and low thickness so it is
as X-ray transparent as possible. Therefore, materials with a low atomic weight are often
chosen. The most common materials used are titanium, beryllium, silicon, graphite, and
glass. The thickness of the carrier foil must be chosen carefully in order to maintain high
transmission levels. Beryllium layers up to 1000 µm can be used, but titanium is limited to
a thickness of several micrometers.
The exposed regions of the resist are then dissolved using a suitable developer such as GG
developer in the case of PMMA resists as shown in Figure 1.3(c). The dissolved PMMA re-
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(a) Substrate, seed layer and resist (b) Expose resist using mask
(c) Develop resist (d) Electroplate
(e) Strip resist (f) Etch seed layer
Figure 1.3: LIGA fabrication steps using the seed layer as a sacrificial layer.
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gions are then filled with metal by micro-electroplating as shown in Figure 1.3(d). The metal
deposition starts on the electrically conductive seed layer. The most commonly electroplated
metal to date has been nickel due to low internal stresses in the tall metal structures, but
copper and gold are finding increased usage. After electroplating, the structure is exposed to
X-ray flood irradiation, which allows the remaining PMMA to be removed with developer.
The resulting structure is shown in Figure 1.3(e). The titanium seed layer is then selec-
tively etched to release the thin beam and isolate any adjacent metal structures as shown in
Figure 1.3(f). Hydrofluoric (HF) acid is commonly used as the etchant because it does not
attack the nickel structures [20].
The steps followed if using the patterned seed layer technique are very similar to the
previous technique. The main differences include patterning the seed layer using a suitable
lithography technique, performing an X-ray exposure that is aligned to the seed layer, and the
omission of the HF etching step. During the electroplating process all sections to be plated
must be electrically connected. This may require the patterning of temporary sacrificial
connections if the structures to be plated require electrical isolation.
1.4 Variable Capacitor Figures-Of-Merit
There are many specifications that are used to evaluate the performance of a variable capaci-
tor. The most important electrical parameters are the unbiased nominal capacitance, tuning
ratio, tuning voltage/current, equivalent series resistance or quality factor, and associated
inductance or electrical self-resonance.
The unbiased nominal capacitance is the value of capacitance without the application
of any tuning signal. This value depends on the requirements of the desired application
and the frequency of interest. Required capacitance values for typical impedance values can
range from 10 pF for applications around 100 MHz, to 0.1 pF for applications approaching
millimeter wave.
The tuning ratio is the ratio of maximum capacitance to minimum capacitance. Some
applications require only a small tuning ratio to fine-tune an impedance value, most appli-
cations require a ratio of at least 2:1 [2].
For a voltage-controlled capacitor, the tuning voltage is the potential required to tune the
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capacitor through its entire range of values. In most cases, this voltage range is required to
be as small as possible, so that it is compatible with system control signals. Electrostatically
actuated capacitor structures often require voltages well above those typically used in com-
mon systems. In this case additional circuitry is required, which can include high-voltage
charge pumps and drivers.
A simplified circuit model for the variable capacitor is shown in Figure 1.4. It consists of
a variable capacitance (C) and an equivalent series resistance (RS). For an electrical reactive
component, the Q-factor is typically expressed as the ratio of the imaginary portion of the
impedance to the real portion (Im{Z}/Re{Z}). In this case the Q-factor can be expressed
as
Q =
1
ωCRS
, (1.1)
where ω is the angular frequency (2πf). Typically in a reactive component a large Q-factor
is desirable as it minimizes losses. Another example is in an LC oscillator circuit where
phase noise decreases with an increase in the Q-factors of the reactive components.
Figure 1.4: Simplified variable capacitor circuit model.
It is important to note that the Q-factor is a function of frequency as the imaginary
portion of the impedance varies with frequency. Therefore, the Q-factor could be artificially
inflated by operating at an unreasonably low frequency, below the intended operating fre-
quency of the device. Also the equivalent series resistance is not necessarily constant with
frequency due to skin depth and other effects. Therefore the Q-factor should be specified at
a certain frequency as well as a certain tuning voltage or current.
A more realistic microwave circuit model for a variable capacitor is shown in Figure 1.5.
This model includes the parasitic series inductance (LS) as well as the parasitic parallel
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capacitance (CP ). This parasitic inductance in series with the tunable capacitance will
resonate at a frequency known as the self-resonant frequency (SRF). At this frequency,
the capacitor will appear as a small resistor. At frequencies greater than this the capacitor
behaves inductively. The inductance must be kept as low as possible so that the self-resonant
frequency is much higher than the frequency the capacitor is intended for. As a general rule
of thumb, the self-resonant frequency should be at least double the operational frequency [2].
Beyond the SRF, parallel resonance (the second resonance) occurs when the reactance of the
series inductor equals the parallel capacitor.
Figure 1.5: Variable capacitor microwave equivalent circuit.
1.5 Existing MEMS Variable Capacitor Designs
Most existing MEMS capacitor designs feature parallel plates, where the capacitance is varied
by changing the gap between the plates [21–25]. Traditionally, these plates are limited to
planar geometries and lie parallel to the substrate. These devices are constructed from layers
that are typically thinner than 5 µm. They are actuated electrostatically, or thermally.
Many of these devices have been fabricated using silicon-based thin film processes such as
the multi-user MEMS process (MUMPS). Most planar parallel plate designs have focused on
the lower end of the microwave frequency range (1 - 3 GHz) with capacitance values between
approximately 1 and 4 pF.
An alternate configuration is a lateral comb structure [26–28]. In this geometry, adjusting
the overlap of the capacitor fingers changes the capacitance. The direction of actuation is
perpendicular to the actuation in parallel plate type capacitors. Device layers as thick as
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80 µm have been reported [27]. These layers were constructed using a highly refined deep
silicon etch. Lateral comb capacitors have generally been targeted for frequencies in the
100 MHz to 1 GHz frequency range with capacitance values between approximately 1 and
10 pF.
MEMS parallel plate and lateral comb capacitors are designed to operate at the lower
end of the microwave frequency range. A variation of the parallel plate configuration called
a shunt mounted design is capable of operation at higher frequencies [29–33]. These capac-
itors are capable of high Q (greater than 100) operation and are typically designed for the
10 - 40 GHz frequency range with capacitance values between 0.1 and 0.3 pF. These shunt
mounted devices take more of a distributed approach, relying on coplanar waveguide (CPW)
transmission line architecture, rather than a lumped approach, as in the parallel plate and
the lateral comb capacitor configurations. A bridge is created over the centre conductor and
the two air gaps. A change in air gap between the bridge and the centre conductor changes
the capacitance.
To the author’s knowledge there are no existing MEMS parallel plate or lateral comb
capacitors that are designed for the 3 - 10 GHz frequency region with Q-factors greater than
100. It is believed that the use of thick metal layers and fine resolution patterning capable
using the LIGA process will allow the development of capacitors to fill this void. The use
of thick metal layers should also significantly increase power handling capabilities compared
to a device fabricated using a thin planar fabrication technique. Vertically oriented beams
and gaps also have the potential to reduce device area, as this allows the capacitor to sit on
edge, rather than lie flat against the substrate. These vertically oriented capacitors can also
be used for novel reactive lumped element circuits that occupy considerably less area than
their distributed counterparts [5].
The following sections give examples of capacitors that are typical of the different styles
mentioned above. These examples are commonly referenced devices in their style category.
1.5.1 Parallel Plate Configurations
In [21], the authors present an aluminum micromachined parallel-plate variable capacitor.
The device is shown in Figure 1.6(a). A 1 µm thick sheet of aluminum is suspended in
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air approximately 1.5 µm above a bottom aluminum layer, which is situated on top of a
silicon substrate. The top plate is held by four mechanical folded-beam suspensions acting
as springs. The size of the plate is 200 µm by 200 µm, with a 1.5 µm air gap, which results
in a gap capacitance of approximately 200 fF. A DC bias voltage across the capacitor results
in an electrostatic force, which reduces the air gap. The suspended plate can be pulled
down by at most 1/3 of the original gap size before the top plate collapses onto the bottom
plate. This happens because the pull-down force exceeds the mechanical restoring force.
This corresponds to a theoretical 50% increase in capacitance or a 1.5:1 tuning range. Four
(a) Young et al. (reproduced from [21]) (b) Dec et al. (reproduced from [22])
(c) Jou et al. (reproduced from [23]) (d) Bakri-Kassem et al. (reproduced from [25])
Figure 1.6: Parallel plate capacitor configurations.
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variable capacitors were wired in parallel to achieve an 800 fF gap capacitance. The nominal
capacitance is substantially larger due to fixed parasitics. With a 5.5 V tuning voltage, the
capacitance can be varied between 2.11 pF and 2.46 pF. This corresponds to a tuning range
of 16% or 1.16:1. At 1 GHz the series resistance is 1.2 Ω, which corresponds to a Q-factor
of 62 at 1 GHz.
In [22], the authors present a three-plate tunable capacitor that has been designed using
MUMPS, which is a standard polysilicon surface micromachining process as shown in Fig-
ure 1.6(b). The use of three parallel plates allows the capacitor to achieve a larger tuning
range. The plate in the middle is grounded and can be pulled toward the top or bottom
plate. With equal air gaps the theoretical tuning range is 2:1. The middle plate can be pulled
1/3 of the distance to the top or bottom plate. This corresponds to a maximum capacitance
of 1.5 times nominal and a minimum capacitance of 0.75 times nominal. The actual air
gaps used in the design are 0.75 µm for the upper gap and 1.5 µm for the lower gap. The
capacitor has a plate size of 398 µm by 398 µm. With an air gap of 0.75 µm, this corresponds
to a gap capacitance of 1.9 pF. With no bias voltage the measured nominal capacitance is
4.0 pF, which is due to the contribution of fixed parasitics. With a bias applied between
the top plate and the middle plate the maximum achievable capacitance is 6.4 pF. With a
bias between the middle plate and the bottom plate the minimum achievable capacitance is
3.4 pF. This corresponds to a measured tuning range of 87% or 1.87:1. The capacitor has a
Q-factor of 15.4 at 1 GHz and 7.1 at 2 GHz, with a self-resonant frequency of approximately
6 GHz.
In [23], the authors present a variable capacitor capable of wide tuning range operation,
shown in Figure 1.6(c). In this design the top plate is suspended as usual, but the bottom
plate consists of two separate plates. One of the bottom plates and the top plate form the
variable capacitor, where as the other bottom plate and the top plate provide electrostatic
actuation for capacitance tuning. If the capacitance gap is made smaller than the electro-
static actuation gap, the theoretical tuning range will be greater than a conventional parallel
plate capacitor’s tuning range of 50% or 1.5:1. A capacitor of this design can theoretically
have an arbitrarily large capacitive tuning range if the capacitance gap is 1/3 or less the size
of the electrostatic actuation gap. In reality the maximum achievable tuning range depends
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on other factors such as surface roughness and the curvature of the capacitor plates. The
capacitor has a tuning range of 70% or 1.70:1, with a pull-in voltage of approximately 18 V.
The difference between the measured and the theoretical value is due to parasitic capaci-
tance. The measured Q-factor is 30 at 5 GHz and the self-resonant frequency is beyond
5 GHz.
In [25], the authors present a two plate variable capacitor, with plate dimensions of
approximately 200 by 250 µm, fabricated using the PolyMUMPs process, which is shown
in Figure 1.6(d). This device features a top plate that is curled up due to a difference in
residual stress in the two layers that compose the top plate, namely polysilicon and gold.
The center of the top plate relaxes on the bottom plate and the maximum curl-up amount
above the bottom plate is approximately 3 µm. A 100 nm layer of alumina is deposited onto
the structure using an atomic layer deposition (ALD) technique to electrically isolate the
top and bottom plates. The lossy substrate beneath the varactor plates is etched to reduce
the amount of parasitic capacitance. An almost linear capacitance versus voltage response
is obtained as the top plate un-curls towards the bottom plate with as increase in actuation
voltage. The capacitance changes from approxiamtely 0.7 to 3.4 pF over a voltage range of
0 to 60 V, resulting in a tuning ratio of approximately 5:1. The measured Q-factor of the
device is 29 at 1 GHz.
1.5.2 Lateral Comb Configurations
In [26] the authors present a variable capacitor that is based on a lateral comb configuration
and is shown in Figure 1.7(a). The device contains a central moveable structure that is elec-
trically grounded. Fixed to this movable structure are electrodes on either side that contain
comb fingers. These comb fingers on both sides mesh into a set of stationary fingers. These
fingers form two tunable capacitors that are mechanically joined together. One capacitor
is for tuning and the other is for RF signals. When a bias voltage is applied between the
movable comb fingers and the stationary fingers of the tuning capacitor, the movable fingers
are pulled towards the stationary fingers. This causes the movable fingers to be pulled away
from the stationary fingers that form the RF capacitor, which leads to a decrease in capac-
itance. This configuration is preferred when one terminal is to be grounded, because RF
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(a) Yao et al. (reproduced from [26]) (b) Borwick et al. (reproduced from [27])
Figure 1.7: Lateral comb capacitor configurations.
chokes can be eliminated, since the tuning mechanism is electrically isolated from the RF
path. The device consists of a single-crystal silicon device layer held onto a glass substrate
using an epoxy adhesive layer. The silicon layer is between 20 and 30 µm thick, and the
adhesive layer is 20 µm thick. A coating of aluminum on top of the silicon is used to reduce
the equivalent series resistance. The capacitance of the device with no actuation voltage is
5.19 pF and the self resonance is 5 GHz. At 500 MHz the equivalent series resistance is 1.8 Ω,
which corresponds to a Q-factor of 34. The minimum capacitance is 2.48 pF with a tuning
voltage of 5 V. This corresponds to a tuning ratio of about 100% or 2:1. Interdigitated comb
structure based capacitors do not have a theoretical tuning range limit.
In [27] the authors present a device that is very similar in operation to the device in [26]
and is shown in Figure 1.7(b). Similar to [26] this capacitor features a thick, aluminum
coated, single crystal silicon device layer suspended over a glass substrate. The previous
process was improved to allow the production of thicker device layers. The device layer
shown in Figure 1.7(b) is 40 µm, but layers as thick as 80 µm have been produced with
finger widths of 2 µm. The geometry of the device in [26] was changed to achieve a larger
tuning range. In addition, both sets of stationary comb fingers are on the same side of
the movable comb fingers. This results in an increase in capacitance as the bias voltage is
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increased. The capacitor is capable of a 740% or 8.4:1 tuning range. Although theoretically
the device thickness should not affect the tuning range, the ratio of parasitic capacitance to
base capacitance of the device is greatly improved with a thicker device layer. This effect has
allowed the tuning ratio to be greatly increased [27]. The thicker device layer also reduced
the series resistance to less than 1 Ω. This increased the Q of the device to above 100 for
frequencies up to 700 MHz and above 30 for frequencies up to 2.25 GHz.
1.5.3 Distributed Shunt Mounted Configurations
A capacitor that makes use of a parallel plate design, shunt mounted over a coplanar waveg-
uide transmission line, is presented in [29] and is shown in Figure 1.8(a). The capacitors
were developed using the silicon-MEMS foundry MUMPS process. These structures on a
lossy host silicon substrate were transferred to RF circuits designed on a low-loss ceramic
substrate. Such a flip-chip assembly and transfer process is the key technology to assure
the low-loss microwave and millimeter-wave performance [29]. The capacitor uses electro-
thermal actuators to move the plate vertically to change the air gap between the plate and
the CPW. The moving plate crosses over the centre conductor and gaps. The centre con-
ductor of the 50 Ω CPW is 103 µm wide and the gaps are 48 µm. The size of the plate is
300 µm by 200 µm. The top plate is grounded through the cold arms of the actuator. The
(a) Feng et al. (reproduced from [29]) (b) Dussopt et al. (reproduced from [30])
Figure 1.8: Shunt mounted capacitor configurations.
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total capacitance value of the device is about 0.272 pF and the resonance frequency is above
40 GHz. The minimum Q-factor at 10 GHz was measured to be 197.
The capacitor presented in [30] also makes use of a shunt mounted design and is shown
in Figure 1.8(b). Unlike the thermally actuated capacitor in [29], this capacitor makes use
of an electrostatic actuation mechanism very similar to the actuator used in [23]. It uses the
principle of the actuation gap being larger than the capacitance gap to achieve an increased
tuning range. In this design the capacitance area is the centre of the bridge, between the
bridge and the CPW centre conductor. The two electrodes in the ground plane are used to
actuate the device. The area of the plate is 140 µm by 140 µm and the gap is 1.5 µm, which
leads to a gap capacitance of 116 fF. The capacitor was fabricated on a quartz substrate
using an 88 Ω CPW line with dimensions of 83/133/83 µm. The capacitance values are
smaller than expected due to a stress gradient in the electroplated gold which bows up the
bridge, resulting in a larger air gap than expected. The capacitor has a tuning ratio of 1.46:1
over a tuning voltage of 24 V. The self-resonant frequency is 83 GHz and the Q-factor is
95-100 at 34 GHz.
1.6 Extracting Material Properties in Thick Metal Layers
Accurate mechanical property parameters are extremely important in MEMS design, since
the purpose of many MEMS devices is to deflect accurately given a stimulating force. The
most important mechanical parameters required during a design are the elastic (Young’s)
modulus [E], and residual stress [σ0]. The adhesion surface energy [γs] is also very im-
portant from an anti-stiction point of view. The importance is seen in the feedback loop
between simulation and fabrication. If accurate mechanical property parameters cannot be
extracted from fabricated devices, it is difficult to build accurate simulation models to pre-
dict behaviour. Macromechanical data cannot normally be extrapolated to the dimensions
of microsystems without experimental confirmation. Hence, materials properties must be
tested in specimens on a micrometer scale if microcomponents are to be developed [34].
The majority of existing approaches to determine the mechanical properties of thick
electroplated layers involve tensile tests on prestructured specimens [35–43]. Compression
tests have also been performed [44], as well as beam bending tests [34,45,46] on microbeams
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and microposts. The vibration frequency of the structure has also been used to determine
the Young’s modulus [35, 47]. The majority of these experiments have been focused on
nickel, but nickel-iron [35,37,38] and copper [34,44] have also been investigated. Except for
the vibration analysis, these tests involve applying a known force (usually with specialized
test equipment developed in-house), measuring displacement, and then calculating material
properties.
An example of a structure fabricated for a tensile test is shown in Figure 1.9 [48]. This
sample is an electroplated then polished nickel tensile specimen mounted on a silicon die.
The structure is released from the copper seed layer by wet chemical etching. It is then
tensile tested using a test machine having grips that match the wedge shaped ends of the
structure. A motorized translation stage pulls the specimen and the load is measured using
a load cell. The size of the structure is 200 µm tall by 200 µm wide and has an overall length
of 3 mm [36].
Figure 1.9: Electroplated and polished 200 µm tall LIGA nickel tensile specimen on a silicon
substrate (reproduced from [48]).
In [46] a grid of 1 mm tall square posts with dimensions of 160 µm by 160 µm are
overplated and then released from the substrate. The overplating yields a set of posts that
have a continuous metal attachment so that there are no material or process discontinuities.
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Figure 1.10(a) shows untested nickel posts, and Figure 1.10(b) shows deformed posts tested
past the failure point. The load is applied horizontally to the post with a loading pointer
attached to a force sensor (load cell) and the mechanical properties are extracted from the
force versus displacement curve.
(a) Untested cantilevered microposts
(b) Microposts tested past the failure point
Figure 1.10: Over-electroplated 1 mm tall LIGA nickel cantilevered posts (reproduced from
[46]).
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Table 1.1 lists experimental Young’s modulus values, test type, and electroplating thick-
nesses for thick samples electroplated from a nickel sulfamate bath. Young’s modulus values
range from 125 - 231 GPa, but show a general trend of being below the bulk value of 207 GPa.
The average of the values reported is 179 GPa. The values reported for copper samples in-
clude 120 GPa in [34] and 133 GPa in [44]. For nickel-iron samples, in [35], a value of 115 GPa
is given for 50%Ni - 50%Fe and in [38], a value of 155 GPa is given for 72%Ni - 28%Fe. To
the author’s knowledge, no experimental data has been reported for thick electroplated gold
layers.
Table 1.1: Comparison of LIGA nickel properties.
Study Test Type Thickness Young’s
[µm] Modulus
[GPa]
Mazza et al. [35] Tensile 120 to 200 202
Sharpe et al. [36] Tensile 200 176
Christenson et al. [37] Tensile — 160
Greek and Ericson [38] Tensile 6 231
Xie et al. [39] Tensile 200 175
Hemker and Last [40] Tensile 100 to 200 180
Cho et al. [41] Tensile 300 163
Lou et al. [42] Tensile 50 189
Yang et al. [43] Tensile 270 170
Buchheit et al. [44] Compression 1600 160
Stephens et al. [46] Bending 1000 125
Mazza et al. [35] Vibration 120 to 200 205
Majjad et al. [47] Vibration 400 195
Bulk [49] — — 207
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A common conclusion of these works is that the elastic properties of small, electroplated
structures may differ from those of bulk structures, and are dependant upon electroplating
parameters. Also, the properties of seemingly identically fabricated specimens have a fairly
wide range of scatter [46]. Process parameters such as bath types, temperatures, currents,
plating areas, etc. potentially affect the properties. These variations highlight the difficulty
in measuring material properties using microstructures and the inaccuracies in drawing con-
clusions based on these findings.
It is very common during development to change certain process parameters based on the
structural quality of the resulting devices. An example of this is shown in Figure 1.11 [50].
These are similar nickel devices, but electroplated at two different temperatures. The device
in Figure 1.11(a) is electroplated at 24 ◦C, and the device in Figure 1.11(b) is electroplated
at 52 ◦C. The PMMA surface is shown in focus and the electroplated nickel is beneath it. The
improvement in structure quality can be easily observed at lower electroplating temperatures.
This change in temperature is very likely to affect the mechanical properties of the devices
as well. The problem lies in the fact that there is no simple method to determine how
the mechanical properties have changed between these sets of process parameters. This
mechanical property data would be extremely useful when doing a redesign or a new design
based on an already developed process sequence.
(a) Sample electroplated at 24 ◦C (b) Sample electroplated at 52 ◦C
Figure 1.11: Effects of electroplating temperature on sample quality [50].
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What is required is a simple, accurate, and relatively quick method to determine the
mechanical properties of thick electroplated layers. A standard set of structures is needed
that can be easily tested and accurately determine the most relevant mechanical property
parameters. This would make it possible for use between various institutes so that the results
could be compared. These structures could reside on a standard mask or added to a new
mask along with other functional devices. Since the standards would go through the same
process as the functional structures, an accurate assessment of the material properties in the
functional devices could be made.
1.7 Author’s Background Work
A set of electrostatically actuated LIGA-MEMS variable capacitors was designed, simulated,
fabricated and partially tested [19]. These three plate, pull-away, variable capacitors were
fabricated in nickel to an electroplated height of approximately 100 µm. The static per-
formance of a single capacitor was tested, but the structure was not actuatable due to the
incomplete release of the beams, therefore the tuning characteristics of the device could not
be determined. The structure tested is shown in Figure 1.12(a). This set of structures had
severe deformations present in all devices except the largest, making them unusable. Even
the large structures have minor deformations as can be seen in Figure 1.12(a). An example
(a) SEM of capacitor f10 (b) SEM of capacitor c10
Figure 1.12: Examples of previously fabricated capacitors [19].
24
of a device with significant deformations is presented in Figure 1.12(b). Some devices were
lost during X-ray lithography due to resist breaking and loss of resist adhesion. Additional
devices were deformed during the electroplating process, which can be attributed to resist
swelling, thermal expansion and evacuation effects. The only devices without deformations
were the devices with periodic widening of the beam and triangular voids in the actuator
and capacitance electrodes.
1.8 Objectives
The purpose of this thesis is to design, simulate and fabricate high quality, variable capac-
itors using the LIGA process that can be used at frequencies up to and including X-band
(8 - 12 GHz). This includes investigating processing improvements as well as device char-
acterization to improve the functionality and performance of the structures. To the authors
knowledge, these are the only moving microwave MEMS devices that utilize the fabrica-
tion strengths of the LIGA process, as previous and current RF LIGA-MEMS research has
concentrated on static structures. The specific objectives of this research are:
1. Fully realize the LIGA-MEMS pull-away style variable capacitors. This includes the
ability to actuate and test the tuning characteristics of the devices, which was not
possible in [19]. Investigate areas of the fabrication process that can be optimized
to eliminate or minimize the deformations that are present in the structures so that
smaller designs can be fabricated and tested. Also, investigate other materials that
can be utilized to increase the performance of the capacitors.
2. Investigate and implement a technique that can be used to realize LIGA-MEMS vari-
able capacitor structures with a larger tuning range. This includes the design of the
structure as well as the simulation, fabrication and testing of the device. Also inves-
tigate a method to reduce the actuation voltage required by these high aspect ratio
beam structures.
3. Develop a set of test standards that can accurately determine the important mechanical
material properties from an arbitrary electroplating process, which will improve the
feedback loop between simulation and fabrication.
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1.9 Thesis Organization
This thesis is organized into eight chapters. Chapter 2 focuses on electrostatic-structural
background and theory, which is the underlying mechanism for the actuation of the devices
found in this work. Also included is a discussion and verification of the finite element
analysis software ANSYS MultiphysicsTM, which is used to analyze this class of problem. A
background of high frequency electromagnetics is also presented including a discussion of the
electrical material properties used in simulations. A description and verification of the 3-D
high frequency electromagnetic simulator Ansoft HFSSTMis given, which is used to simulate
the high frequency performance characteristics of the devices.
In Chapter 3, LIGA-MEMS pull-away variable capacitors are presented. This includes
device layout, theory of operation, fabrication, simulation and test results.
Chapter 4 is a discussion of some of the design challenges encountered including the
stiction phenomena, which causes adjacent surfaces to unintentionally adhere to each other
when restoring forces are unable to overcome surface forces.
Chapter 5 is a description of the layout and some of the challenges encountered when
fabricating devices based on this layout.
In Chapter 6, LIGA-MEMS leveraged bending variable capacitors are presented with
considerably increased tuning range compared to the pull-away variable capacitor designs.
Theory, design, fabrication and test results are discussed. Also presented is a method to
reduce the pull-in voltage by adjusting the gap shape in electrostatically actuated cantilever
and fixed-fixed beams, which can be used in future designs to decrease the required tuning
voltage.
In Chapter 7, a test system for determining the important mechanical parameters of thick
electroplated metal layers called VM-TEST is presented.
In Chapter 8, the conclusions and contributions from the research are presented along
with suggestions for future work.
26
2. Theory and Software Verification
2.1 Electrostatic-Structural Background
Electrostatic beams and plates are used as actuators in a wide variety of MEMS applica-
tions [51]. One application, RF MEMS variable capacitors, was discussed in Chapter 1. The
main principle behind their operation is deflection caused by an electrostatic force. In the
case of variable capacitors, they are often used as one of the capacitor plates. This plate
moves under the application of a bias voltage, which causes a change in capacitance. Electro-
static actuation is not the only actuation mechanism suitable for MEMS variable capacitors.
It is definitely the most common, but other mechanisms, such as thermal actuation, see
limited application as was shown in Chapter 1.
There are four reasons that electrostatic actuation has become so popular in MEMS
design. The first reason is that it is inherently easier to design these types of actuators.
Other more complicated mechanisms rely on heat transfer or magnetic interaction. The
second reason is that they have comparably fast actuation rates. The actuator responds
rapidly to a change in the control signal. This is a disadvantage for thermal actuators that
generally have longer actuation times due to the time needed for current induced heating [51].
The third and possibly most important reason is that this actuator type has very low, if not
zero, power consumption. This is very important from an RF MEMS point of view, where
battery lifetime is a very important concern. Unlike most other actuation mechanisms,
there is no current flow in an electrostatic actuator. Thermal actuators rely on current
induced heating which makes them less power efficient. Thermal actuators can become
quite hot, which can be unfavourable from a reliability point of view [52]. The final reason
is that electrostatic actuators do not have any special material requirements. This is the
major problem with electromagnetic actuators requiring magnetic components not found in
most standard manufacturing processes. Taking the above points into account, electrostatic
actuation is the main candidate in the field of microwave MEMS systems.
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2.2 Electrostatic-Structural Theory
MEMS cantilever and fixed-fixed beam structures are shown in Figure 2.1. These structures
exemplify the more typical planar approach and feature thin beams suspended over a ground
plane. The ground plane and the beam are electrically isolated and anchored by a dielectric
layer, which also determines the gap distance between the beam and the ground plane. The
beam is pulled toward the ground plane by applying a bias voltage between the two. This bias
voltage creates a separation of charges on the two surfaces, which results in an electrostatic
force. As the voltage is increased, the beam bends stably toward the ground plane until a
voltage called the “pull-in” voltage is reached. At this point, the beam collapses onto the
ground plane.
(a) Cantilever Beam (b) Fixed-Fixed Beam
Figure 2.1: Planar beam configurations.
As discussed in Chapter 1, a unique feature of this work is that the beam orientation is
perpendicular to the substrate. These vertically oriented (lateral) beams with high aspect
ratios, as shown in Figure 2.2, can be fabricated using various micromachining technologies,
but are particularly well suited for realization using DXRL and the LIGA process. These
vertical beam structures operate under the same principles as the planar structures. Fig-
ure 2.2(a) is a high aspect ratio cantilever beam and Figure 2.2(b) is a high aspect ratio
fixed-fixed beam. The movable beams of width (w), length (l) and height (h) are connected
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(a) Cantilever Beam (b) Fixed-Fixed Beam
Figure 2.2: Vertical high aspect ratio beam configurations.
to larger stationary pieces. They are also situated next to a fixed electrode, separated by an
air gap (d), and are actuated by placing a voltage (V ) between the two.
Shown in Figure 2.3 are two-dimensional (2-D) top views of the beam configurations. This
figure shows the beam above the fixed electrode, opposite from Figure 2.2, but the operating
principles are the same for both configurations. The beam in Figure 2.3(a) is a cantilever
beam configuration fixed along one end and Figure 2.3(b) is a fixed-fixed configuration fixed
on both opposite ends. A third possibility that is sometimes seen in MEMS devices is called
a membrane or diaphragm configuration [53]. In this configuration all four edges of the
top plate are fixed and the electrostatic force causes the maximum deflection to occur in
the centre of the membrane. This method is not considered because this would require a
multilevel LIGA process. It is also not desirable because actuation voltages become quite
large.
Electrostatic beams are essentially parallel plate capacitors. Assuming the plates are
constrained from moving, as in classic capacitors, fringing is neglected, and the dielectric is
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(a) Cantilever Beam
(b) Fixed-Fixed Beam
Figure 2.3: Electrostatic beam configurations (top view).
free space or air with relative permittivity (r ≈ 1), the capacitance is given by
C =
oA
d
, (2.1)
where o is the permittivity of free space, A is the area of the plates, and d is the separation
between the plates. If a voltage (V ) is applied between the capacitor plates, the potential
energy of the capacitor (U) is
U =
1
2
CV 2. (2.2)
This potential energy is the energy required to prevent the oppositely charged parallel plates
from collapsing into each other as a result of the Coulomb force of attraction (F ) between
point charges [7], given by
F =
1
4πo
qT qB
d2
, (2.3)
where qT and qB are the equal but opposite point charges on the top and bottom plates
respectively. This force may also be expressed as the negative of the gradient in the potential
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energy between the parallel plates
F = −∇U. (2.4)
Substituting Equation 2.1 into Equation 2.2 gives
U =
oAV
2
2d
. (2.5)
If Equation 2.5 is now substituted into Equation 2.4, the result is
F =
oAV
2
2d2
. (2.6)
This force is the force on either plate that is trying to pull the plates together as a result
of the Coulomb force of attraction due to the separation of charges. An increase in area will
cause a linear increase in force, an increase in voltage will cause a quadratic increase in force
and an increase in separation distance will cause a quadratic decrease in force.
If one of the plates is configured such that it is free to move when the above force is
applied, then the initial gap will decrease as the applied voltage is increased. This is shown
in Figure 2.4 for the two configurations mentioned previously. As the voltage is increased,
the force increases, which decreases the air gap, further increasing the force. In the case of
the cantilever beam, Figure 2.4(a), the force causes a maximum deflection at the tip of the
cantilever. In Figure 2.4(b), the fixed-fixed beam has a maximum deflection in the middle
of the beam.
For a given voltage, the deflection of the beam can be determined by solving an elastic
beam equation [53,54]. This equation balances the electrostatic force of attraction with the
mechanical restoring force. Equations 2.7 and 2.8 [53, 54] are the governing 2-D differential
equations for cantilever beams and fixed-fixed beams respectively. These equations assume
that the beams are situated above an infinite ground plane, as in Figure 2.1. These equations
are shown in Chapter 7 to be also valid for non-infinite ground plane configurations, as in
Figure 2.2, with a difference of less that 1% for tall beams with small gaps. These equations
have been modified from the versions given in [53, 54] to represent the vertical rather than
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(a) Cantilever Beam
(b) Fixed-Fixed Beam
Figure 2.4: Electrostatic beam configurations during actuation.
planar orientation of the beams.
The left-hand side of the equations represents the mechanical restoring force and comes
from well-known Euler-Bernoulli beam and plate theory [55]. The additional term in Equa-
tion 2.8, for the fixed-fixed beam configuration, accounts for residual stress effects in the
beam and is the force from the residual stress. The right-hand side of the equations is the
electrostatic force per unit length with a fringing field correction, which is represented by
the factor in parenthesis.
E˜I
d4d
dx4
= −oV
2h
2d2
(
1 + 0.65
d
h
)
(2.7)
E˜I
d4d
dx4
− σ˜hwd
2d
dx2
= −oV
2h
2d2
(
1 + 0.65
d
h
)
(2.8)
The moment of inertia (I) is given by (1/12)hw3, where w is the width of the beam, h
is the height of the beam, d = d(x) is the air gap, ν is Poisson’s ratio, σ0 is the residual
stress and V is the voltage. From [56], for short beams (h < 5w), the effective modulus E˜,
is equal to Young’s modulus, E, and the effective residual stress, σ˜, is equal to the residual
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stress, σ0. For tall beams, (h ≥ 5w), the effective modulus becomes the plate modulus,
E/(1−ν2), and the effective residual stress becomes σ0(1−ν) [53,54]. All beams featured in
this work are considered tall. These equations can be solved using a finite difference method,
as was done in [53, 54], which is suitable for simple structure geometries such as these. For
more complicated structures, finite element analysis using a software package is likely more
efficient.
Solving Equations 2.7 and 2.8 can result in a stable or unstable solution depending on
the value of the applied voltage. As the voltage is increased, the beam deflects towards
the bottom plate. Stable solutions are possible until the beam deflection is approximately
40% of the original gap. If the voltage is increased any further instability occurs and the
beam deflects the remaining distance. This is known as pull-in, and the voltage it occurs
at is the pull-in voltage VPI. As the beam bends downward, the electrostatic forces become
increasingly concentrated in the portion of the beam experiencing the maximum deflection.
This is the tip for the cantilever beam and the centre for the fixed-fixed beam, as shown
in Figure 2.4. At a particular voltage, this concentrated load causes the beam position to
become unstable and it undergoes a spontaneous deflection the rest of the way [57].
By solving for beams of various sizes using a finite difference method, a database of
pull-in voltages was created, which was used to develop expressions for pull-in voltages [53,
54]. Simplified pull-in voltage equations for cantilever and fixed-fixed beams are given in
Equations 2.9 and 2.10 respectively, with variables modified from [53, 54] to represent the
vertical rather than planar orientation of the beams. These equations assume no residual
stress is present in the beams and the air gap is much smaller than the beam height (d << h),
which is normally the case for tall LIGA structures. In addition, the equations are only valid
in the small deflection regime (linear elastic mechanics) which is valid for d/w ≤ 1 [58]. The
general case including residual stress is given in [53,54]. From these equations we can see that
an increase in elastic modulus, beam width, or air gap will increase the pull-in voltage, while
an increase in beam length will decrease the pull-in voltage. For a given set of geometries, a
fixed-fixed beam will have a pull-in voltage that is 6.5 times larger than a cantilever beam
that is fixed on only one end.
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VPIcantilever ≈ 0.529
√√√√ E˜w3d3
0l4
(
1 + 0.42d
h
) (2.9)
VPIfixed−fixed ≈ 3.444
√√√√ E˜w3d3
0l4
(
1 + 0.42d
h
) (2.10)
In [59, 60] the authors have developed pull-in voltage equations for both cantilever and
fixed-fixed beams using a VLSI on-chip interconnect capacitance model. The author claims
the accuracy of these equations is better when compared to other published models including
the equations described above. The beam equations, with variables adapted from [59,60] to
represent vertical structures, are given in (2.11) (cantilever) and (2.12) (fixed-fixed). Here
residual stress is included and there is no limitation to small deflections. These equations
apply to all structures encountered in this work. For cases with extreme fringing fields or
gaps much larger than beam width, the general equations are given in [59,60].
VPIcantilever ≈
√√√√ 2E˜w3d
8.370l4
(
5
6d2
+ 0.19
d1.25h0.75
+ 0.19
d1.25l0.75
+ 0.4w
0.5
d1.5h
) (2.11)
VPIfixed−fixed ≈
√√√√√√
{
9.35
[
σ˜w
l2
]
+ 32.36
[
E˜w3
l4
]}
d
3 + 24.35
[
E˜w
l4
](
d
3
)3
1.090
(
5
6d2
+ 0.19
d1.25h0.75
+ 0.4w
0.5
d1.5h
) (2.12)
If the MEMS variable capacitor operating frequency is the same as the mechanical res-
onance frequency, then the variable capacitor is capable of introducing unwanted distortion
at that frequency. The first mechanical resonance frequency fR of a cantilever beam for
bending oscillations is given in Equation 2.13. For a fixed-fixed beam the equation is given
in 2.14 [61].
In the above equations µ is the mass per unit length of the beam. For typical RF MEMS
variable capacitor designs, the mechanical resonant frequencies are normally at 10-100 kHz.
Since the operating frequencies are at least 10,000 times the mechanical bandwidth, these
devices are unlikely to produce a significant amount of harmonic content [22]. This implies
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the RF signals will not affect the movement of the beam.
fRcantilever =
3.52
2π
√
E˜I
µl4
(2.13)
fRfixed−fixed =
22.37
2π
√
E˜I
µl4
(2.14)
2.3 Finite Element Analysis using ANSYS
2.3.1 Motivation
MEMS devices typically fall into one of four categories [62]. The category of MEMS device to
be analyzed determines what features the analysis tools require and how complex the model
needs to be. Class 1 MEMS devices have no movement. Examples include micromachined
static inductors and microcontainers found in MEMS fluidics devices. Strictly, these devices
are not MEMS devices since they do not move, but they are micromachined and are often
labeled as MEMS devices. Class 2 MEMS have movement but no contact. Examples of
these types of devices are capacitors that operate in the region before pull-in, and certain
thermal actuators. They can be modeled without the existence of contact surfaces, which
makes analysis simpler. Class 3 MEMS have movement with contact, but no shear between
surfaces. Typical devices that fall into this category are microwave MEMS switches, and
capacitors that operate in the region after pull-in. These devices require contact surfaces
in their models and are more complex than the previous classes. Class 4 MEMS devices
require the most complex models. They have movement with contact and rubbing. An
example is microgears found in gear driven MEMS systems. These devices require models
that account for contact and friction. MEMS variable capacitors typically fall into classes 2
or 3 depending on their mode of operation. Therefore an analysis tool that can handle these
classes of problems is required for this work.
The most accurate method to analyze coupled electrostatic-structural problems is to use
full 3-D finite element (FE) simulations [63]. These solutions produce greater accuracy,
but are computationally expensive. In most cases a 2-D approximation of the problem is
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sufficiently accurate. A 2-D approximation can only be applied if the model has constant
features in one dimension. For vertical beams fabricated using LIGA, the beams must have
a constant height and have features that do not vary with height. By analyzing beams with
a range of geometries, it was found that the difference between the pull-in voltages from 2-D
and 3-D simulations was no larger than 1.5% [53, 54]. For this research this level of error is
acceptable and therefore 2-D finite element analysis is used when possible.
There are multiple FE simulators available that are capable of performing coupled
electrostatic-structural simulations. Examples include CoventorWareTM [64], ANSYS
MultiphysicsTM [65], COMSOL MultiphysicsTM [66] and MSC NastranTM [67]. Coventor-
Ware uses a coupled simulator called CoSolve-EM that was developed at the M.I.T. Mi-
crosystems Technology Laboratory. CoSolve-EM is the original coupled domain solver with
published results appearing in 1995 [68]. It was created by coupling structural (ABAQUS)
and electrostatic (FASTCAP) solvers that were already available. ANSYS uses a macro
called ESSOLV (electrostatic structural solver) that allows the coupling of existing separate
structural and electrostatic solvers. This was first implemented in ANSYS 5.6, which was
released in 1999.
ANSYS was chosen since it was readily available and is a proven and popular tool for
analyzing coupled physics domain FE problems. Its validity for solving these types of prob-
lems will be investigated in the following sections. In addition to electrostatic-structural
analysis, the capacitors also require full 3-D high frequency electromagnetic (EM) analysis.
Both ANSYS Multiphysics and COMSOL Multiphysics have high frequency EM analysis
capabilities, but another commercially available software package (Ansoft HFSSTM [69], now
ANSYS HFSSTM [70]) was chosen for this analysis due to its availability and performance.
A description and verification of this software is also presented in the following sections. The
theory of the finite element method (FEM), is not the focus of this research and therefore
will not be discussed in detail. A description of the method is presented in [71, 72]. For
this research commercially available software packages are used and assumed valid after a
verification test is performed.
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2.3.2 Description
ANSYS is a FE software package that can solve problems requiring the analysis of multiple
physics domains. In the case of electrostatically actuated MEMS beams, the two physics
domains in question are the electrostatic domain and the structural domain. In order to
solve a coupled electrostatic-structural problem using ANSYS and the ESSOLV macro, the
following steps must be performed:
1. create model geometry
2. mesh the model
3. apply structural constraints and write the structural physics file
4. apply electrostatic constraints and write the electrostatics physics file
5. invoke ESSOLV macro to solve the structure
6. invoke CMATRIX macro to determine capacitance of the displaced structures
The first step is to draw the model. This includes all conductors as well as an air box that
surrounds the conductors. All structural and electrostatic objects are meshed with elements.
Typically, the only areas that are not meshed are non-movable conductors. Following this,
structural constraints are applied. This involves constraining certain areas of the structure
from moving. One end of the beam is constrained for a cantilever and both ends in the
case of a fixed-fixed beam. The structural elements and constraints are then written to a
structural physics file. The next step is to apply electrostatic constraints. This involves
applying voltages to conductors. The electrostatic elements and constraints are then written
to an electrostatic physics file. The ESSOLV macro is then called to solve the coupled physics
problem. This macro automates a sequential solution process. It first solves the electrostatics
problem. The forces from the electrostatics problem are then applied to the structural model.
The structural problem is then solved. The electrostatic mesh is then adjusted to comply
with the structural solution. The macro then checks for convergence. If convergence is
not met, the process repeats. Convergence of the coupled problem can be controlled via
37
the difference in the maximum displacement and/or the difference in electrostatic energy
between iterations. Following convergence the CMATRIX macro can be used to determine
the capacitance between any number of conductors in the system. CMATRIX computes the
capacitance by analyzing the geometry of electrostatic (dielectric) elements.
2.3.3 Verification
To verify the accuracy of the ANSYS finite element simulation platform, ANSYS models were
created and compared to the results presented by Osterberg [53,54] and Chowdhury [59,60].
The results of the comparison will be presented as well as a detailed description of the
simulation of a single beam type. In [53, 54], multiple simulations using a 2-D distributed
model were performed and a database of pull-in voltages was created. These results were used
to create closed-form equations for the pull-in voltage of cantilever beams, fixed-fixed beams
and diaphragms. Simplified versions of the equations, which neglect residual stress, are given
in (2.9) (cantilever) and 2.10 (fixed-fixed). In addition, for a select subset of structures,
the 2-D results were compared to full 3-D finite element simulations using CoSolve-EM.
ANSYS simulation results are compared to this subset in order to verify the accuracy of
the simulator. In [59, 60], closed form equations for the pull-in voltages of cantilever and
fixed-fixed beams were created using a VLSI on-chip interconnect capacitance model given in
(2.11) (cantilever) and 2.12 (fixed-fixed). The author claims the accuracy of these equations
is better when compared to other published models. ANSYS results are also compared to
the results predicted by these closed-form equations.
To implement this in ANSYS, the beam is created and meshed with 0.25 µm rectangular
structural elements of type 82 with the plane strain option turned on since the beam is tall
and the plate modulus should be used. The beam and stationary electrode are surrounded
by an air box which is meshed with 0.25 µm rectangular electrostatic elements of type 121.
The stationary electrode does not receive mesh since the interior of it is neither a structural
element nor an electrostatic element. The material properties are defined and the beam
is fixed on one end for cantilevers or both ends for fixed-fixed beams. Nonlinear geometry
effects are turned on using the NLGEOM command. The beam has the input voltage applied
to it and the stationary electrode has 0 V applied to it. Structural and electrostatic physics
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files are written and a coupled analysis is performed using the ESSOLV macro. The results of
the comparison are given in Table 2.1. This data set includes both cantilever and fixed-fixed
beams of varying lengths (l), Poisson’s ratio (ν), and residual stress (σ0). For all beams
E = 169 GPa, ν = 0.06 (unless specified), h = 50 µm, w = 3 µm and d = 1 µm. Table 2.1
shows that excellent agreement exists between all methods to better than 1% on average.
The CoSolve-EM full 3-D results are expected to be the most accurate and 2-D ANSYS
results agree to within 0.76% on average. This verifies that 2-D simulations are sufficiently
accurate for this work. In 2-D simulations, the fringing effects at the ends of the beam are
included, but the effects along the length of the beam are neglected. This makes 2-D FEM
analysis valid for tall beams where fringing fields are negligible. For short beams, 3-D FEM
analysis would likely be more accurate.
The 2-D cross-section model for the l = 150 µm cantilever beam case is shown in Fig-
ure 2.5. The cross-section is assumed uniform for the entire height of the structure. The
top narrow rectangle is the cantilever beam and the rectangle below the beam is the fixed
electrode. Both conductors are enclosed in an air box.
Figure 2.5: Verification model geometry for the l = 150 µm cantilever beam case.
In electrostatic analyses, unlike structural analyses, electric fields are typically unbounded.
To accurately calculate the electric field, the effect of the open domain must be included in
the electrostatic model. The model cannot extend to infinity and therefore must be limited
in practice, while still maintaining solution accuracy. ANSYS has two methods, for 2-D
models, that can be used to model the effect of open field decay. The first method is to
extend the free space region, and the second is to use infinite elements. Extending the free
space region is efficient in small gap models with minimal fringing. Infinite elements are
efficient for large gap models with significant fringing. For 2-D models, the fringing occurs
at the ends of the parallel plates. ANSYS defines a small gap to be 20 times smaller than
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the beam length. Since the structures encountered in this work are small gap problems, the
method used is to extend the free space region. ANSYS suggests that for small gap models
the free space needs to be extended approximately 2 - 4 times the gap size. In the above
model the free space region is extended 4 times the gap size (4 µm) on the sides of the beam
and 2 times the gap size (2 µm) on the top of the beam. The outer box is given a Neumann
boundary condition. This enforces that the electric field is parallel to the outer surface and
equipotential lines are normal to the outer surface. The conductors within the outer box are
given a Dirichlet boundary condition. This enforces that the electric field is normal to the
conductor surface and equipotential lines are parallel to the conductor surface.
An enlarged view of the right side of the cantilever is shown in Figure 2.6(a). The
meshed structure is shown in Figure 2.6(b). The cantilever beam is meshed using 2-D, 8-
node, structural solid elements. The air region is meshed using 2-D, 8-node electrostatic
elements. The elements have nodes at the vertices as well as midside nodes in between the
vertices. The size of the elements is specified to be 0.25 µm. ANSYS recommends using
gap/2 for a coarse mesh, gap/4 for a medium mesh, and gap/6 for a fine mesh. A medium
mesh is used because the results are sufficiently accurate for verification.
The model is solved for a series of input voltages from 0 V until the solution becomes
unstable which indicates pull-in. The voltage is applied to the cantilever beam and the
bottom fixed plane is grounded. In this model no contact surfaces are specified, therefore
the cantilever can pull right through the fixed ground plane. This is not a problem since
the simulator cannot find a stable solution unless the voltage is less than the pull-in voltage.
If contact is required then contact elements need to be added. The results from a single
voltage (16 V) simulation are presented followed by the results from the voltage sweep. This
voltage is chosen since it shows large deflection because it is very close to the pull-in voltage
of 16.85 V.
Figure 2.7 shows the deflection of the cantilever upon application of a 16 V potential.
The upper box shows the geometry of the undeformed cantilever. The deformed cantilever is
shown directly below. The displacement of the cantilever tip is 0.30 µm. The deflection of the
cantilever is magnified by a factor of 100 in Figure 2.7 so that the shape of the displacement
can be easily observed.
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(a) Without mesh
(b) With mesh
Figure 2.6: Enlarged model view of cantilever tip.
Figure 2.8 shows the deflection of the cantilever tip, where the electrostatic mesh has
been remeshed to coincide with the deflection of the cantilever. The mesh on the cantilever
beam has been omitted for clarity. The number of elements between the plates have been
reduced as the gap between the plates has decreased.
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Figure 2.7: Cantilever displacement scaled by a factor of 100 with 16 V applied.
Figure 2.8: Morphed electrostatic mesh at cantilever tip with 16 V applied.
Figure 2.9 shows the voltage contours surrounding the deformed cantilever. The can-
tilever is at a potential of 16 V as expected and the fixed ground plane is at a potential of
0 V. Figure 2.10(a) is a contour plot of the electric field intensity. As expected the mag-
nitude is the largest in the gap with fringing fields having increasingly smaller magnitudes.
The magnitude of the field in the gap is in the range of 20.148 to 23.026 V/µm, which is
consistent for a 0.70 µm gap with 16 V across it. Figure 2.10(b) is a vector plot of the
electric field. The vector magnitude is a linear function. The direction of the field is from
the top plate (16 V) to the bottom plate (0 V).
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Figure 2.9: Voltage contours with 16 V applied.
The voltage is varied from 0 V until the pull-in voltage is obtained. At pull-in the solution
becomes unstable and the simulator cannot produce a solution. Figure 2.11 is a plot of the
tip deflection versus the applied voltage and Figure 2.12 is a plot of the capacitance versus
the applied voltage. The capacitance values given by ANSYS have units of pF/µm. This is
equivalent to having a beam with a height of 1 µm, therefore they have been multiplied by
50 for a beam with a 50 µm height as required here.
The maximum deflection of the cantilever tip was 0.4383 µm at a voltage of 16.85 V.
This corresponds to an approximately 44% tip deflection of the original gap. The simulator
found a solution for the beam with an applied voltage of 16.85 V, but could not converge on
a solution with an applied voltage of 16.86 V. This indicates that the pull-in voltage of the
beam is between these two voltages. The initial capacitance of the beam is 0.06725 pF with
an applied voltage of 0 V. The maximum capacitance is 0.08363 pF with a voltage of 16.85 V.
This corresponds to a capacitance ratio of 1.24:1. Using the simple parallel plate capacitor
formula, Equation 2.1, the capacitance for this structure is 0.06641 pF. This is very close
(1.27% difference) to the initial capacitance calculated by the simulator. The theoretical
value is slightly smaller because it neglects fringing, which the simulator takes into account.
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However, the values are close enough to give confidence in the validity of the simulator. The
pull-in voltage for this case was found to be within 0.3% of 3-D FEM simulations as well as
both closed-form equations as shown in Table 2.1.
(a) Intensity contours
(b) Vector plot
Figure 2.10: Electric field with 16 V applied.
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Figure 2.11: Tip deflection of verification beam.
Figure 2.12: Capacitance of verification beam.
2.4 High Frequency Electromagnetic Background
A method to obtain an estimate of the important electrical parameters of the capacitors is
required. The electromagnetic performance is governed by Maxwell’s equations [73], a set of
partial differential equations relating the electric and magnetic fields to each other and to
the electric charges and currents. These equations are often very difficult to directly solve
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for all but the simplest of structure geometries. For most practical problems, the solution
to Maxwell’s equations requires an approximate solution using a rigorous approach such
as the finite element method. A finite element simulator is able to solve a problem with
arbitrary geometry by discretizing it. It then represents Maxwell’s equations as a set of
matrix equations and solves them using conventional numerical methods, usually requiring
a computer.
2.4.1 Material Properties
In order to perform accurate simulations, accurate material properties are required. Ma-
terials encountered in this work include nickel, gold, titanium, alumina, quartz glass and
air. For metals, the electrical properties usually required include conductivity (σ) and rel-
ative permeability (µr) and for dielectrics the properties are relative permittivity (r) and
dielectric loss tangent (tan δ). The exact electrical properties of fabricated materials is
unknown since they vary significantly between different processes especially in the case of
micro-electroplated metals.
Accurate material properties seem to exist for all materials required in this work with
the exception of the relative permeability of nickel at high frequencies. In [74], the author
states that RF engineers are currently faced with the problem that there is insufficient
data available to undertake simulation designs with a high level of confidence at microwave
frequencies. Also stated is that surprisingly, very little has been reported on the magnetic
permeability of nickel. A survey of relative permeability values for nickel in [74] lists values
from 1 to 600 with the author stating that no information is given as to whether the values
represent DC values, or how the nickel was deposited or its level of purity. Also mentioned
is that the relative permeability is expected to decrease to unity as frequency increases and
the largest variation occurs in the 0.1 to 10 GHz range.
A collection of measured data [75], shown in Figure 2.13, verifies this trend of decreasing
permeability with an increase in frequency. The plot shows a relative permeability of approx-
imately 10 at 1 GHz, which decreases to approximately 1 at 10 GHz. Significant variation
exists within the data, but the general trend is followed. Relative permeability values for
nickel used in this work are listed in Table 2.2. These values were measured by Hodsman et
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al. [76] and were chosen since they are similar to the frequencies of interest in this work.
The electrical properties of all materials used in simulations in this work are listed in
Table 2.3. The conductivity of nickel was obtained from [79] (1.266 × 107 S/m). This
value was chosen since it is a measured value from an electroplated sulfamate bath for
LIGA applications, similar to the nickel electroplated structures described here. This value
agrees well with conductivity values listed for deposits from sulfamate baths [80] (average of
1.19 × 107 S/m). These are slightly lower than the values found for bulk nickel in the Ansoft
HFSS materials database (1.45 × 107 S/m), or found in the literature (1.46 × 107 S/m) [49].
For gold the default values from the HFSS materials library were used. This conductivity
(4.1 × 107 S/m), agrees well with the range of values listed for electroplated gold [80]
(average of 4.11 × 107 S/m), as well as data for bulk gold [49] (4.26 × 107 S/m). For
titanium a conductivity value of 2.38 × 106 S/m [49] was used, which is slightly larger than
the value found in the HFSS material properties database (1.82 × 106 S/m). The dielectric
properties of 96% alumina, quartz glass and air are listed in Table 2.3. Default values were
Figure 2.13: Nickel permeability as a function of frequency (reproduced from [75]) (+
Arkadiew [77],  Simon [78],  Hodsman et al. [76]).
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used except in the quartz glass case where a relative permittivity of 3.81 was used instead of
the 3.78 listed in the HFSS database. This was done so that the material properties would
match for a verification of the HFSS simulator in a later section.
Table 2.2: Measured relative permeability of nickel [76].
Frequency Relative Permeability
[GHz] (µr)
dc 17.0
3.356 8.30
3.374 7.50
3.956 5.60
4.545 5.00
5.062 4.10
5.564 3.40
6.522 3.00
8.772 1.50
9.615 1.03
10.084 1.00
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Table 2.3: Electrical material properties used in simulations. Values are from Ansoft HFSS
materials database unless specified.
Material Relative Relative Bulk Dielectric
Permittivity Permeability Conductivity Loss Tangent
(r) (µr) (σ) [S/m] tan δ
Nickel 1 Table 2.2 [76] 1.266× 107 [79] 0
Gold 1 0.9996 4.1× 107 0
Titanium 1 1.00018 2.38× 106 [49] 0
Alumina 96% 9.4 1 0 0.006
Quartz Glass 3.81 [13] 1 0 0
Air 1.0006 1.0000004 0 0
2.5 Finite Element Analysis using Ansoft HFSS
2.5.1 Motivation
A method to obtain an estimate of the important electrical parameters of the capacitors is re-
quired. In order to perform this, the system must be capable of determining the impedance
parameters of an arbitrary passive 3-D structure at microwave frequencies. This can be
accomplished using the software package Ansoft HFSS (High Frequency Structure Simula-
tor) [69]. HFSS uses the finite element method (FEM) to solve Maxwell’s equations. The
solved wave equation is derived from the differential form of Maxwell’s equations. The pri-
mary advantage of the FEM for solving partial differential equations lies in the ability of the
basic building blocks used to discretize the model to conform to arbitrary geometry [81].
With this software package, the first step is to draw the structure, then material char-
acteristics for each object are specified. Next excitation sources (ports) are defined, which
allow energy into and out of the structure. Following this, boundary conditions are specified
as necessary. The solution frequency is specified and HFSS then generates the necessary field
solutions and associated port characteristics and S-parameters (scattering parameters). The
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problem can be solved at one specific frequency or at several frequencies within a range if a
frequency sweep is specified. The S-parameters obtained using HFSS can be converted to
Z-parameters (impedance parameters) which can then be used to determine the important
electrical parameters of the capacitor. Parameters of interest include the nominal capaci-
tance, associated inductance or electrical self-resonance and equivalent series resistance or
Q-factor. The nominal capacitance at low frequencies can also be used to determine the
parasitic capacitance.
Like ANSYS described in the previous chapter, HFSS is a finite element solver, but
with EM field boundary conditions. The software divides the geometric model into a large
number of tetrahedra, where a single tetrahedron is a four-sided pyramid. This collection of
tetrahedra is referred to as the finite element mesh. This discretization method allows HFSS
to represent Maxwell’s equations as a set of matrix equations and solve the equations using
traditional numerical methods.
Structures with high aspect ratios, such as the devices presented here, require a dense
mesh for high accuracy, which results in large computation times. This is complicated by
the meshing of metals at high frequencies, since most of the current flow in a conductor
occurs in a thin region near the surface of the conductor. The skin depth (δs) is defined
as the depth at which the amplitude of the fields in the conductor decay to an amount 1/e
or 36.8% of the value at the surface [73] and is shown in Equation 2.15. In this equation,
σ is the conductivity, ω is the angular frequency (2πf) and µ is the permeability (µ0µr).
Since the skin depth is very small at high frequencies, a large mesh results if the interior of
the conductors is to be accurately meshed. The element size required for accurate modeling
would be a fraction of the skin depth and these elements would have to extend a few skin
depths into the metal. This leads to prohibitive computation times. For this reason HFSS,
by default, only solves inside objects with a bulk conductivity less than 105 S/m. Since most
metals have a conductivity greater than this, they are solved using a surface impedance
approximation, which is based on the skin depth.
δs =
√
2
σωµ
(2.15)
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2.5.2 Description
HFSS represents the model with a mesh of tetrahedra. At the vertex of each tetrahedron,
HFSS stores the components of the field that are tangential to the three edges of the tetra-
hedron. By representing field quantities in this way, the system can transform Maxwell’s
Equations into matrix equations that are solved using traditional numerical methods.
HFSS is capable of multiple solution types. The type of interest for this application is
a driven solution. This solution type is used for calculating the S-parameters of passive,
high frequency structures such as microstrips, waveguides, and transmission lines, which
are driven by a source. The source used to excite the model is called a wave port. Wave
ports represent places in the geometry through which excitation signals enter and leave the
structure. They are used when modeling strip lines and other waveguide structures.
HFSS starts the analysis by creating an initial mesh of the ports, the metal surfaces, and
the non-metal objects. HFSS generates a solution by exciting each wave port individually.
Port 1 is excited by a signal of one watt, and the other ports are set to zero watts. After
a solution is generated, port 2 is set to one watt, and the other ports to zero watts and so
forth. The ports must be perfectly matched to the characteristic impedance of the waveguide
that each port faces in order not to allow reflection of power back into the model. This is
realized by HFSS automatically by assuming that each port is virtually connected to a semi-
infinitely long waveguide having the same cross-section and material properties as the part
of the model exposed to the port. The two-dimensional field distributions generated for each
port are used as the boundary conditions for the three-dimensional model [82].
The generalized S-matrix is then computed from the amount of reflection and transmis-
sion that occurs. This is the first step in an adaptive analysis process. HFSS automatically
refines the mesh in regions where the error is high, which increases the solution’s precision. A
new set of generalized S-parameters is computed based on the refined mesh. This process is
repeated until the change in the magnitude of the S-parameters between iterations is smaller
than a user specified value.
A generalized S-matrix describes what fraction of power associated with a given field
excitation is transmitted or reflected at each port. The following discussion is valid for a
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network with an arbitrary number of ports n. Z0n is the (real) characteristic impedance
of the nth port, and V +n and V
−
n , respectively, represent the incident and reflected voltage
waves at port n. The wave amplitudes are defined as
an =
V +n√
Z0n
(2.16)
bn =
V −n√
Z0n
(2.17)
where an represents a normalized incident wave at the nth port, and bn represents a nor-
malized reflected wave from that port [73]. The generalized scattering matrix is defined
as
[b] = [S][a] (2.18)
where the i, jth element is given by
Sij =
bi
aj
∣∣∣∣
ak=0 for k =j
(2.19)
Therefore Sij is the S-parameter describing how much of the excitation signal at port j is
reflected back or transmitted to port i. For example, S21 is used to compute the amount
of power from the port 1 excitation field that is transmitted to port 2. The phase of S21
specifies the phase shift that occurs as the signal travels from port 1 to port 2.
HFSS determines the characteristic impedance (Z0) of each port from the values of power
(P ) and current (I) [82].
Z0n =
P
I · I (2.20)
The power and current are computed directly from the simulated fields. The power passing
through a port is equal to [82]
P =
∮
s
E ×Hds (2.21)
where the surface integral is over the surface of the port. The current is computed by
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applying Ampere’s law to a path around the port [82]
I =
∮
l
H • dl (2.22)
While the net current computed in this way will be near zero, the current of interest is that
flowing into the structure, I+, or that flowing out of the structure, I−. In integrating around
the port, HFSS keeps a running total of the contributions to each and uses the average of
the two in the computation of impedances [82].
The Z-parameters of the structure can be computed from the generalized S-parameters
and the characteristic impedances of the ports. The Z-matrix is calculated from the S-matrix
as follows [82]
Z =
√
Z0(I − S)−1(I + S)
√
Z0 (2.23)
where S is the n × n generalized S-matrix, I is an n × n identity matrix, and Z0 is a
diagonal matrix having the characteristic impedance (Z0n) of each port as a diagonal value.
These impedance parameters will be used to determine the important electrical parameters
of the capacitor.
2.5.3 Verification
To verify the simulation platform, the transmission characteristics of a LIGA microstrip
stepped impedance low-pass filter are determined using HFSS. This filter was simulated,
fabricated, and tested by Willke and Gearhart [13]. The results obtained using HFSS are
compared to the results obtained in [13] to give confidence in the validity of the HFSS
simulator for tall LIGA structures.
The layout of the stepped impedance filter [13], is shown in Figure 2.14, the relevant
dimensions are shown in Table 2.4 and a scanning electron microscope (SEM) micrograph
of the fabricated filter is shown in Figure 2.15.
The microstrip filter was constructed using 220 µm thick electroplated nickel, on top of a
420 µm thick quartz substrate (r = 3.81 at 30 GHz). The ground plane was 0.75 µm thick
gold. The filter was designed to have a 0.5 dB Chebyshev response. From presented simu-
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Figure 2.14: Verification model layout (reproduced from [13]).
Table 2.4: Verification model dimensions [13].
Section Width Z0 Length
1 and 7 100 µm 106 Ω L1 = L7 = 2.52 mm
2 and 6 1.5 mm 35 Ω L2 = L6 = 2.7 mm
3 and 5 100 µm 106 Ω L3 = L5 = 3.825 mm
4 1.5 mm 35 Ω L4 = 2.885 mm
Figure 2.15: SEM micrograph of LIGA microstrip filter (reproduced from [13]).
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lation results [13], the filter has a 3 dB cutoff frequency of 9.6 GHz and 20 dB attenuation
at 12.2 GHz. The characteristic impedance of the filter sections was determined by Willke
and Gearhart using a 2-D finite-difference (FD) analysis of the LIGA microstrip lines. The
obtained characteristic impedances were used as input for the simulation of the filter using
PUFF [83], which is a subnetwork calculation-based circuit analysis program for laying out
and analyzing planar microstrip and stripline circuits. The transmission coefficient simu-
lation and test results obtained by Willke et al. are shown in Figure 2.16. The measured
filter response is -3 dB at 9.22 GHz and reaches -20 dB at 11.4 GHz. The difference between
simulated and measured results obtained by Willke et al. are 4.8% for the -3 dB point and
7.0% for the -20 dB point.
Figure 2.16: Simulation and test results for LIGA microstrip filter (reproduced from [13]).
A full 3-D simulation of the filter was performed using HFSS. The HFSS model is shown
in Figure 2.17. Figure 2.17(a) is an overview of all elements in the model including the nickel
conductor, quartz glass substrate, surrounding air box and two wave ports. Figure 2.17(b)
shows the generated tetrahedra mesh on only the conductor and the substrate. The mesh for
the other elements is not shown for clarity. The material properties used in the simulation
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(a) HFSS model (b) Meshed conductor and substrate
Figure 2.17: HFSS simulation model for LIGA microstrip filter.
are listed in Table 2.3. In the model, the nickel conductors were placed on top of the quartz
substrate. A large air box extends upwards from the substrate and surrounds the conductors.
All outer surfaces of the model interfacing the background are by default assumed perfect
E boundaries (tangential component of the electric field is zero), which does not permit any
energy to enter or leave. This includes the bottom surface of the substrate which is the
ground plane. The ports enclose the nickel conductors and the bottom of the ports touch
the ground plane. The size of the ports and air box follows the rules listed in the HFSS
documentation [81].
A 15 iteration adaptive solution at 10 GHz was performed, resulting in approximately
33000 tetrahedra. Following this, a discrete frequency sweep from 5 GHz to 15 GHz, in steps
of 0.1 GHz, was performed. A top view of the mesh on the conductor and substrate is shown
in Figure 2.18(a). The electric field magnitude in the substrate is shown in Figures 2.18(b)
and 2.18(c) at 6 and 14 GHz respectively. From the electric field plots, it can be observed
that at 6 GHz there are strong electric field components on all sections of the filter indicating
that a large portion of the input signal is being transmitted to the output. At 14 GHz the
electric field magnitude is large around the input port (left side), but the signal magnitude
at the output (right side) is minimal. The transmission coefficient is shown in Figure 2.19
for the filter using the relative permeability values reported by Hodsman et al. [76] and
with a constant value of 600, which is the default value in the HFSS material properties
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(a) Meshed conductor and substrate (top view)
(b) Electric field magnitude in substrate at 6 GHz (bottom view)
(c) Electric field magnitude in substrate at 14 GHz (bottom view)
Figure 2.18: Finite element mesh and the electric field magnitude in the substrate at 6 GHz
and 14 GHz for the HFSS simulation model.
database. The simulated filter response with µr from [76] matches well with the simulated
and measured results presented in [13]. However the results with µr = 600 show that this
value of relative permeability is not valid for this range of frequencies.
To test the surface impedance approximation used by HFSS, the filter resistance was
approximated as a series of seven hollow rectangles with metal thickness determined by
the skin depth (δs), which is shown in Equation 2.15. This was compared against the real
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Figure 2.19: HFSS simulation results for LIGA microstrip filter.
component of the impedance parameter Z21 obtained from HFSS simulations. At 5 GHz,
with µr from [76] (Table 2.2), the approximated resistance is 1.82 Ω and the HFSS value is
1.32 Ω. With µr = 600, the approximated resistance is 21.52 Ω and the HFSS value is 24.15 Ω.
Although crude, this approximation gives confidence in the surface approximation used by
HFSS. This is also demonstrated in Figure 2.19 by the downward shift of the transmission
curve with an increase in the relative permeability of nickel.
With µr from [76], the simulation results show -3 dB at 8.58 GHz and -20 dB at 11.10 GHz.
The test results obtained by Willke et al. show -3 dB at 9.22 GHz and -20 dB at 11.4 GHz.
This results in a 6.9% difference for the -3 dB point and a 2.6% difference for the -20 dB point.
The simulation results obtained using Ansoft HFSS are close enough to give confidence in
the validity of the simulator for analyzing tall metal LIGA structures.
It should be noted that in the simulation results discussed here, the effects of the seed
layer were neglected for simplicity, as they were in [13]. The actual seed layer was a tri-layer
metal film of titanium, copper, titanium sputtered to a thickness of 600 A˚/3600 A˚/600 A˚
(0.06 µm/0.36 µm/0.06 µm) [13]. A model with only the copper seed layer was simulated
using HFSS for µr from [76], which resulted in a slight upward shift (average of 0.07 dB) of
the transmission coefficient curve. The default material properties for copper from the HFSS
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database were used with µr = 0.999991 and σ = 5.8 × 107 S/m. This resulted in -3 dB
at 8.59 GHz and -20 dB at 11.11 GHz, which shows that in this case, the inclusion of the
seed layer has a minor effect on the transmission characteristics. A simulation of the actual
tri-layer seed layer was attempted, but not successful due to a prohibitively large number of
tetrahedra required for an accurate simulation.
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3. Pull-away Variable Capacitors
3.1 Theory of Operation and Layout
A simplified 2-D top-view of a three-plate cantilever beam variable capacitor suitable for
fabrication using DXRL is shown in Figure 3.1. The capacitor is composed of four struc-
tures, an actuator electrode, a capacitance electrode, and two ground structures, configured
to facilitate testing with standard ground-signal-ground (GSG) wafer probes. The most
unusual feature of this device is the thin vertical cantilever situated between the two elec-
trodes as opposed to traditional planar parallel plate variable capacitor structures which are
parallel to the substrate. This implies that the bulk of the electric field is parallel to and
largely unaffected by the supporting, and potentially lossy, substrate. The capabilities of
DXRL allow tall structures with very small capacitance gaps and almost unlimited control
of cantilever and gap geometries. The cantilever is anchored to one ground structure and is
the only portion of the device that is released from the substrate and is free to move. The
Figure 3.1: Top view of three-plate cantilever beam capacitor.
61
attachment point between the cantilever and the ground structure is rounded significantly,
which was shown to be important in [19].
Applying a DC bias voltage between the actuator electrode and the grounded cantilever
causes an electrostatic force between the two, which results in a deflection of the cantilever
toward the actuator electrode. This decreases the capacitance between the cantilever and
the capacitance electrode. The beam deflects stably until the pull-in voltage where the beam
collapses onto the actuation electrode. As shown in [19], this three-plate method can be used
to increase the tuning range of the capacitor over a simple two-plate design. This is only
valid if the actuator gap is at least 1.24 times larger than the capacitance gap. The tuning
range can be made larger by increasing the actuator gap at the expense of an increase in
actuation voltage. With the given design, the cantilever could be actuated toward either
electrode to further increase the capacitance tuning range, as was done in [22], but in this
scenario RF and control signals must be combined.
A picture of the overall mask layout is shown in Figure 3.2. The overall layout size of
standard masks used at IMT is approximately 20 mm by 60 mm. This is the size of the
outer rectangle in Figure 3.2. The area allotted for the capacitors was approximately 40%
of the overall mask, which was shared with another user.
The mask layout includes 60 capacitors with varied sizes and feature geometries. A larger
view of all the capacitors is shown in Figure 3.3. The capacitors are composed of 2 identical
grids (A - F, a - f) of 6 rows and 10 columns to ensure redundancy for every individual
Figure 3.2: Mask layout.
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device.
All capacitors were designed with both full and half-length capacitance electrodes, to
allow for two different capacitance values. The full electrode designs are in rows B, D, and F
and the half electrode designs are in rows A, C, and E. The capacitor pairs (A - B, C - D, and
E - F), in the same column, have identical layouts except for capacitance electrode lengths.
Three sizes of capacitors were developed. The smallest capacitors are in columns 4 - 7,
columns 1 - 3 contain larger devices, and the largest capacitors are in columns 8 - 10. A
summary of specific capacitor dimensions from the layout, is listed in Table 3.1. The labels
are consistent with the labels shown in Figure 3.1. The metal width (Figure 3.1) for all
devices is 150 µm .
Figure 3.3: Capacitor grid from mask layout.
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Table 3.1: Capacitor dimensions from layout.
Columns 1-3 4-7 8-10
Length [µm] 1700 1450 1950
Width [µm] 768.75 765 772.5
Actuator Length [µm] 1250 1000 1500
Beam Width [µm] 7.5 6 9
Actuator Gap Width [µm] 7.5 6 9
Capacitance Gap Width [µm] 3.75 3 4.5
Stoppers limiting the beam deflection were added to some of the capacitors in the layout
to ensure no electrical short can occur during actuation. Capacitors in rows E and F have
no stoppers. Capacitors in rows A and B have stoppers that are placed far from the beam.
Capacitors in rows C and D have stoppers that are placed close to the beam. For the devices
with stoppers placed far from the beam, the stopper gap is 2/3 of the actuator gap. For
stoppers placed close to the beam, the stopper gap is 1/3 of the actuator gap. The two
different stopper gap locations were chosen to test devices with and without hysteresis [19].
The layout and desired structure height requires extremely high aspect ratios (structure
height / minimum feature size). This is very challenging for any microfabrication process.
In order to improve the probability of successfully fabricated devices as given in Figure 3.1
some modifications were made to the general layout of the capacitors as shown in Figure 3.4
(capacitor E7). Capacitor E7 is a half capacitance electrode design and has no stoppers.
Two changes were made to improve the probability of successful fabrication. The first
change is that periodic widening was added to the beam. This takes the form of periodic
“bumps” on the beam. This increases the mechanical stability of the long and high, but
narrow PMMA/metal walls by raising the geometrical moment of inertia. It also slightly
increases the diffusion of developer into the resist. The adjacent electrodes follow the profile
of the beam to minimize the effects on the capacitance by maintaining the gap width. The
second change is the triangular voids in the actuator and capacitance electrodes (resist relief),
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Figure 3.4: Layout of capacitors E7 and e7.
which relates to triangularly supported PMMA walls. This is done for two reasons. First, it
will tend to anchor the small gap resist so it is not broken off or deformed during development
and electroplating. Second, it will allow the HF acid to get into the small gap while etching
the seed layer.
Figure 3.5 is the layout of capacitor C7. This is a half capacitance electrode capacitor
with stoppers close to the beam. The stoppers are the large triangles that are embedded
within the actuator electrode. These triangles are electrically isolated from the actuator
electrode. The triangle tips lie between the beam and the actuator. This prevents the beam
from deflecting further than the tips of the triangles.
For the smallest capacitors (columns 4 - 7), column 4 is the originally designed capacitors
without resist relief or periodic widening of the beam. Columns 5 and 6 are identical and
contain resist relief. Column 7 contains resist relief and periodic widening of the beam.
For the next larger capacitors (columns 1 - 3), columns 1 and 2 are identical and contain
resist relief. Column 3 contains resist relief and periodic widening of the beam. For the
largest capacitors (columns 8 - 10), columns 8 and 9 are identical and contain resist relief.
Column 10 contains resist relief and periodic widening of the beam.
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Figure 3.5: Layout of capacitors C7 and c7.
3.2 Fabrication
X-ray exposures were done using the 2.5-GeV electron storage ring ANKA and beamline
Litho 2 (mirror angle = 8.65 mrad, εcut−off = 6.9 keV) at the Karlsruhe Institute of Tech-
nology. PMMA (GS 233) photoresist foils of either 100 or 150 µm thickness were glued on
a 1 mm thick alumina wafer coated with a 3 µm thick oxidized titanium (Ti/TiOx) seed
layer. This sample was exposed to X-rays through a titanium membrane (2.7 µm) mask
with 20 µm thick gold absorbers. The bottom dose deposition was 3.5 kJ/cm3. Following
irradiation, megasonic-supported development was performed for 150 min in GG developer
at room temperature. The Ti/TiOx coating on the wafer was used as a plating base for either
70 or 100 µm thick nickel or gold electroplating. The structure was then exposed to X-ray
flood irradiation, allowing the remaining PMMA to be removed with another step of devel-
opment. The structure was then descummed in oxygen plasma and wet etched with 5% HF
acid for 2 min to remove the seed layer, electrically isolating the capacitor structures. This
isotropic etching also selectively released the thin beam, while still providing good adhesion
of the larger metal parts. This allows the plating base to function as a time-controlled etch
sacrificial layer, releasing the cantilever beam without requiring an additional lithographic
process.
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Figure 3.6 shows capacitor e4 in 100 µm thick resist. This image is flipped both vertically
and horizontally from Figure 3.1 so that the capacitance electrode is in the top left instead of
the bottom right. The severe deformation of the thin PMMA walls that are meant to define
the capacitance and actuator gaps in the subsequent electroplating step can be clearly seen.
These long and thin walls lose adhesion to the substrate during the development process and
stick together.
Figure 3.6: Capacitor e4 in 100 µm developed resist.
Only structures that were equipped with both periodic widening of the beam and tri-
angular electrode voids for resist relief, as shown in Figure 3.4, were processed safely. Fig-
ure 3.7 [50] shows how these auxiliary structures help to strengthen the thin PMMA walls
so that deformations are avoided during the fabrication process. Figure 3.7(a) is capacitor
A2 and Figure 3.7(b) is capacitor A3 in 150 µm PMMA. The difference between the two
devices is that A3 has periodic beam widening as highlighted by the arrow in Figure 3.7(b).
These two figures show that both devices are free from deformations after the development
step.
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(a) Developed resist without aux. structures (b) Developed resist with aux. structures
(c) Electroplated without aux. structures (d) Electroplated with aux. structures
Figure 3.7: Variable capacitors with and without auxiliary structures. Structures shown
after development and after nickel electroplating with evacuation at 27 ◦C.
Figures 3.7(c) and 3.7(d) are the same structures after nickel electroplating to a height of
100 µm from a nickel sulfamate bath with evacuation at 27 ◦C. The device without periodic
widening of the beam (A2) is clearly distorted as highlighted by the arrow, where as the device
with the auxiliary structures (A3) is free from deformations. The deformations during the
electroplating process are due to PMMA swelling in the aqueous electroplating bath [84] and
possible lack of adhesion of the thin beams to the substrate during the development process.
Figure 3.8 [50] shows the effects that electroplating conditions can have on structure
quality. All three figures show device B3 in 150 µm of PMMA electroplated from a nickel
sulfamate bath. Figure 3.8(a) was plated at 27 ◦C with evacuation, Figure 3.8(b) was plated
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(a) Tplating = 27
◦C with evacuation (b) Tplating = 24 ◦C without evacuation
(c) Tplating = 52
◦C without evacuation
Figure 3.8: Effects of electroplating conditions on structure quality.
at 24 ◦C without evacuation and Figure 3.8(c) was plated at 52 ◦C without evacuation,
which is the standard nickel sulfamate bath electroplating temperature. It can be seen
that the baths operating around room temperature have significantly reduced deformations
compared to the high temperature electroplating bath. The deformations are indicated by
the arrow in Figure 3.8(c). These images show that the stress during the plating process can
be significantly reduced if the plating temperature is reduced to near ambient temperatures.
This eliminates thermal distortions stemming from the higher thermal expansion coefficient
of PMMA compared to the substrate (αPMMA ≈ 70× 10−6 K−1, αalumina ≈ 5× 10−6 K−1)
and also reduces the resist swelling in the electrolyte [84].
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Figures 3.9(a) and 3.9(b) show capacitor b5 in 100 µm thick PMMA and capacitor B5 in
150 µm thick PMMA respectively. Significant deformations can be seen in both the actuator
and capacitance gaps in Figure 3.9(b) as indicated by the arrows. These images show that
thinner samples are less prone to deformations and device yield increases as the structure
height is reduced.
(a) 100 µm PMMA (b) 150 µm PMMA
Figure 3.9: Effects of structure height on structure quality.
Figure 3.10 is a collection of SEM images of 100 µm tall nickel capacitor structures.
Figures 3.10(a) and 3.10(b) are overview images of devices f10 and e10 respectively. These
are the largest capacitors in the layout. Figures 3.10(c) and 3.10(d) are magnified views of the
tip portion of the cantilever beam of device f7, the smallest devices in the layout. Auxiliary
structures including the periodic widening of the cantilever beam and the triangular electrode
voids for resist relief can be clearly seen. Slight rounding of sharp corners can also be
observed, which was done to prevent photoresist cracking during processing. Figure 3.10(e)
is an inclined close-up view of the tip of the cantilever beam and the capacitance and actuator
gaps of device f7. This figure demonstrates not only the large aspect ratios of the cantilever
and gaps, but also the excellent verticality and precise feature geometry obtained using
DXRL and metal electroforming. For this particular device, the beam width is 7.8 µm, the
actuator gap is 4.7 µm and the capactitance gap is 1.6 µm. The aspect ratio of the small
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(a) f10 top-view overview (b) e10 top-view overview
(c) f7 top-view beam tip overview (d) f7 incline-view beam tip overview
(e) f7 incline-view beam tip and air gaps (f) a10 incline-view base of beam tip
Figure 3.10: SEM images of 100 µm tall nickel variable capacitors.
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capacitance gap is approximately 60:1 in 100 µm nickel and 90:1 in 150 µm PMMA. The
electrodes for this device are 1 mm long. These extremely thin, vertical walls of PMMA run
laterally for hundreds of micrometers on the substrate. These walls support the thick metal
microelectroplating without breaking or excessive deformation. Figure 3.10(f) is a highly
magnified view of the base of the cantilever tip and air gaps of device a10. The roughened
Ti/TiOx electroplating seed layer can be observed as well as a faint horizontal line in the
nickel depicting the separation of the glue layer and the resist foil that sits above it. Also
visible are the very smooth sidewalls of the electroplated nickel.
Figure 3.11 is a collection of SEM images of 100 µm tall gold capacitor structures.
Figures 3.11(a) and 3.11(b) are overview images of devices f7 and e7 respectively, which
(a) f7 top-view overview (b) e7 top-view overview
(c) f7 top-view beam tip (d) f3 incline-view beam tip and air gaps
Figure 3.11: SEM images of 100 µm tall gold variable capacitors.
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are the smallest capacitors in the layout. Figure 3.11(c) is a magnified view of the tip por-
tion of capacitor f7 and Figure 3.11(d) is an inclined view of the cantilever tip and air gaps
of device f3.
Devices containing stopper bumps (columns A - D and a - d) were unsuccessfully pro-
cessed in the etching step as significant underetching of the stopper bumps created a loss of
adhesion with the substrate. This could likely be remedied with improved etching techniques
developed later, including the dilution of HF acid with isopropyl alcohol (isopropanol, IPA)
instead of deionized water to reduce the surface tension, which helps the etchant to more
quickly and uniformly penetrate into the high aspect ratio gaps.
3.3 Simulation and Test Results
Full-length and half-length capacitance electrode variable capacitors in two sizes (large and
small) were measured. The large devices (e10, f10) were fabricated in 100 µm thick nickel on
alumina, and the small devices (e7, f7) were fabricated in 100 µm thick gold on alumina [5,85].
The measured width dimensions of the four variable capacitors are summarized in Table 3.2.
The length dimensions are listed in Table 3.1. These values were not measured, but are
expected to be within a few microns of the values given in Table 3.1.
Table 3.2: Dimensions of measured and simulated vertical RF MEMS variable capacitors.
Device Beam Actuator Capacitance
Type Width Gap Gap
[µm] Width Width
[µm] [µm]
large (nickel) 11.0 7.3 2.5
(e10, f10)
small (gold) 7.5 4.3 1.3
(e7, f7)
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The capacitors were tested using an Agilent 8722ES vector network analyzer (VNA)
connected to the devices using coaxial cables terminated with Cascade ACP40-W-GSG-150
microprobes. These are tungsten ground-signal-ground (GSG) probes with a pitch (centre-
to-centre spacing of adjacent probe fingers) of 150 µm and a maximum operating frequency
of 40 GHz. Tungsten probes were used because the nickel surface was found to be too
hard for the standard beryllium copper (BeCu) probes. The microprobe is attached to a
micropositioner, providing fine motion for positioning the probe onto the capacitor.
Calibration of the test setup must be performed to eliminate the influence of the test setup
on the measurement results. The calibration procedure used is a common procedure called
a short-open-load-thru (SOLT) calibration. By measuring known impedance standards, the
effects of the test setup can be automatically removed by the VNA. To perform this, a
Cascade 101-190 calibration impedance standard substrate (ISS) was used. This substrate
provides the short, load, and thru standards. The open standard is implemented with
the probes in the air. Since the measurements to be made are 1-port measurements, the
thru standard is not used, as it is only relevant to 2-port measurements. These 3 known
impedances, short-open-load, are used to eliminate the effects of the test setup from the
measurement results.
Impedance measurements were calculated directly from calibrated one-port reflection
measurements. To actuate the capacitors, DC control voltage was provided through a second
microprobe connected to the actuation electrode. Measurements were performed over 2
frequency bands, 1 - 6 GHz for the full capacitance electrode devices and 2 - 8 GHz for the
half capacitance electrode devices.
Static 3-D high frequency electromagnetic simulations were performed using HFSS mod-
elling a structure geometry with no applied bias voltage (0 V). The devices were simulated
using a 3 µm titanium seed layer on a 1 mm alumina substrate and 100 µm of electroplated
metal (nickel or gold) above the seed layer. The electrical material properties used are the
same as the ones discussed previously. The devices were simulated over the same frequency
range as the measurement results in steps of 0.5 µm.
Beam bending simulations (2-D) were performed using ANSYS to determine the change
in gap capacitance with actuation voltage. These simulations are DC simulations and do
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not consider high frequency effects as the HFSS simulations do. Bulk mechanical material
properties were used for the simulations with values for Young’s modulus and Poisson’s ratio
of (E = 207 GPa, ν = 0.31) for nickel and (E = 78 GPa, ν = 0.45) for gold respectively [49].
Measured and simulated results for the four capacitors are shown in Figures 3.12 to
3.19 [5, 85]. For each device, three static (0 V) impedance results including the resistance
(R), reactance (X) and Q-factor as a function of frequency and two tuning characteristics
including the capacitance (C) and the Q-factor as a function of tuning voltage are given. The
tuning characteristics are determined at 4.0 GHz for the full capacitance electrode devices
and 6.0 GHz for the half capacitance electrode devices.
A summary of the important measured [and simulated] performance parameters for the
variable capacitors are given in Table 3.3. The simulated results are interpolated from the
analyzed frequency points. Results are listed at nominal values corresponding to reactances
of approximately 50 Ω (Xc = 50 Ω) at the nominal operating frequency (fo) to allow for
consistent comparison. Devices are also compared at frequencies corresponding to a reactance
range of 25 - 100 Ω (Xc = 25 - 100 Ω) to get an appreciation of the performance over a typical
range that is suitable for lumped-element circuit applications.
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Figure 3.12: Measured and simulated static impedance results for a large full capacitance
electrode nickel capacitor (f10) with no applied actuation voltage (0 V).
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Figure 3.13: Measured and simulated tuning characteristics for a large full capacitance
electrode nickel capacitor (f10) at 4.0 GHz.
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Figure 3.14: Measured and simulated static impedance results for a small full capacitance
electrode gold capacitor (f7) with no applied actuation voltage (0 V).
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Figure 3.15: Measured and simulated tuning characteristics for a small full capacitance
electrode gold capacitor (f7) at 4.0 GHz.
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Figure 3.16: Measured and simulated static impedance results for a large half capacitance
electrode nickel capacitor (e10) with no applied actuation voltage (0 V).
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Figure 3.17: Measured and simulated tuning characteristics for a large half capacitance
electrode nickel capacitor (e10) at 6.0 GHz.
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Figure 3.18: Measured and simulated static impedance results for a small half capacitance
electrode gold capacitor (e7) with no applied actuation voltage (0 V).
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Figure 3.19: Measured and simulated tuning characteristics for a large half capacitance
electrode nickel capacitor (e7) at 6.0 GHz.
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As mentioned previously, the ANSYS beam bending simulations used to determine the
change in gap capacitance are DC simulations and do not consider high frequency effects as
the HFSS simulations do. Therefore, in order to determine the simulated tuning capacitance
at a desired frequency, the gap capacitance, with no actuation voltage, determined by ANSYS
was subtracted from the calculated capacitance from HFSS high frequency impedance re-
sults. This remainder is a parasitic capacitance value and is added to the gap capacitance
tuning characteristic, which approximates the change in capacitance at the desired frequency.
To determine the simulated Q-factor as a function of tuning voltage this approximated ca-
pacitance change is used along with the resistance (R = Re{Z11}) value predicted using
HFSS at that frequency. From the measured tuning characteristics, the real component of
the impedance decreases slightly with an increase in tuning voltage. A more rigorous and
very time consuming method, which was not investigated here, would be to import the beam
geometry predicted using ANSYS into HFSS and perform full 3-D high frequency electro-
magnetic simulations as a function of frequency for each tuning voltage step performed using
ANSYS.
The 50 Ω operating frequency is in the range 3.7 - 3.9 GHz for full-length electrode
devices and 5.6 - 5.9 GHz for half-length electrode devices. The typical 25 - 100 Ω reactance
range is 2.0 - 5.8 GHz for the full-length electrode devices and 3.5 - 7.5 GHz for the half-
length electrode devices. The static capacitance of the full-length electrode capacitors at
the 50 Ω operating frequency is 0.8 - 0.9 pF and for the half-length electrode devices is
0.5 - 0.6 pF. Evident from Figures 3.12, 3.14, 3.16, and 3.18 are high-quality capacitive
reactances, with very low parasitic resistances of < 1 Ω for gold devices and < 2 Ω for nickel
devices up to 8 GHz. In fact, the half-length electrode gold device has a parasitic resistance
of 0.5 Ω up to around 6 GHz. The real component of the measured impedance is quite
erratic (especially at low frequencies), but appears to follow a definite trend. This occurs
since with a low frequency, the magnitude of the impedance is large, therefore the error in
the small real component of the impedance will be larger at low frequencies. The parasitic
resistance is an indication of both metal conductive losses and dielectric losses in the device,
and both are low as a result of the compact vertical structure. The capacitive plates are
perpendicular to the substrate; thus, most of the electric field intensity is concentrated above
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the substrate, resulting in low dielectric loss. The capacitive plates are also perpendicular to
the signal propagation direction, resulting in relatively short metallic resistance paths and
low conductive losses. The low loss is reflected in the Q-factors for the variable capacitor
devices. Nickel capacitors have Q-factors around 41 - 42 at their nominal 50 Ω operating
frequencies, while Q-factors approach 200 in the lower portion of the frequency ranges. Due
to the higher conductivity, the gold capacitors have higher Q-factors of the order of 94 - 95
at their nominal 50 Ω operating frequencies and in excess of 500 in the lower portion of the
frequency ranges.
Figures 3.13, 3.15, 3.17, and 3.19 plot the measured and simulated tuning characteristics
of the nickel and gold variable capacitors near the nominal operating frequencies. As the
tuning voltage is increased from 0 V, the beam bends gradually toward the actuation elec-
trode until the pull-in voltage (the right-most point on the curves) is reached. Increasing
the voltage beyond the pull-in voltage causes the beam to rapidly deflect onto the actuator
electrode. Significant local electrostatic force is realized in the compact variable capacitor
structures. For instance, the measured pull-in voltage for the nickel structures is only around
20 V for both the full electrode structure at 4 GHz (Figure 3.13) and the half-length elec-
trode version at 6 GHz (Figure 3.17), which is somewhat less than the simulated values for
nickel of 25.6 V. The main reason for this is likely a reduced elastic modulus for electro-
plated nickel compared with bulk nickel. Aside from the smaller pull-in voltage, the bending
characteristics of the measured devices match quite well with that predicted by simulation,
considering that the simulation results include approximated high-frequency parasitic capac-
itance effects. The measured capacitive tuning ratios for the nickel devices are 1.23:1 for the
full-length electrode device and 1.28:1 for the half-length electrode device.
As a result of the reduced elastic modulus, the gold structures have considerably lower
pull-in voltages, some 7.8 V for both the full electrode structure at 4 GHz (Figure 3.15) and
the half-length electrode version at 6 GHz (Figure 3.19). Again, these measured values are
slightly less than those of 9.3 V predicted by simulations for the same reason as described
above for nickel. The measured capacitive tuning ratios for the gold devices are 1.31:1 for
the full-length electrode device and 1.36:1 for the half-length electrode device.
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3.4 Summary
Pull-away style, high aspect ratio, high Q-factor, RF MEMS variable capacitors have been
fabricated using deep X-ray lithography and electroplating. These devices demonstrate that
DXRL is suitable for the fabrication of high performance RF MEMS devices with movable
parts due to the ability to fabricate thick metal structures with precise features. PMMA
layers of 100 µm and 150 µm have been patterned and electroplated with 70 µm and 100 µm
thick nickel and gold. The fabricated capacitors feature very long beams (> 1 mm) and
narrow gaps (down to 1.3 µm) which results in high aspect ratios of approximately 115 in
PMMA and 75 in gold. A 3 µm thick titanium thin film was used as plating base as well
as etch time-controlled sacrificial layer. Thus, the cantilever beam was released without an
additional lithographic layer while still providing good adhesion of the larger adjacent metal
structures. Auxiliary layout structures are required to successfully process these high aspect
ratio polymer structures. Subsequent electroforming severely deforms the microstructures
unless processed at close to ambient temperature.
The tall vertical structure of these devices results in low loss and high performance,
mainly due to the separation of fields from the substrate and the use of thick metal layers.
Q-factors as large as 214 at 3.5 GHz, 95 at 5.6 GHz and 39 at 7.4 GHz have been measured
for a capacitor with a 0.57 pF nominal capacitance at 5.6 GHz. This same device features a
1.36:1 tuning ratio at 6 GHz and a tuning voltage of 7.8 V.
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4. Design Challenges
This chapter discusses some of the challenges encountered when designing micro-scale
moving structures. Some of these challenges are general issues for movable MEMS devices,
some are specific to electrostatically actuated MEMS devices and some are specific to MEMS
variable capacitors. A few of these challenges have been discussed in detail in [19], and will
be briefly discussed in the following sections. The others will be discussed in greater detail.
4.1 Stiction
4.1.1 Introduction
A thorough investigation of the stiction phenomena and how it relates to this class of struc-
tures was presented in [86]. One of the major challenges with MEMS devices is the fact
that as device dimensions decrease, the surface to volume ratio increases. Surface phenom-
ena are of great importance to MEMS fabrication and this includes surface adhesion. The
characteristics commonly found in MEMS devices can often lead to the adhesion of these
thin beams and plates to adjacent structures. This adhesion phenomenon has been given
the term “stiction”, which has been used to describe the unintentional adhesion of compliant
microstructure surfaces when restoring forces are unable to overcome interfacial forces [87].
One of the main issues with the capacitors presented in Chapter 3 is that most of the
devices suffered from stiction. An example of this is shown in Figure 4.1, which is the
cantilever tip of capacitor e10 in 100 µm tall nickel. Figure 4.1 (top) shows a wet device
after being etched in 5% HF and then rinsed in de-ionized (DI) water. This etching procedure
removes the titanium sacrificial layer beneath the beam. No sticking occurs, air gaps are
observed on both sides of the cantilever. Once the water has evaporated, as shown in
Figure 4.1 (middle), the device sticks to the closer adjacent electrode. These observations
clearly show that the observed stiction is a result of the combination of capillary force
during evaporation and intersolid adhesion and is not due to an internal stress present in
the cantilever. Figure 4.1 (bottom) shows the device after being released with a stream of
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Figure 4.1: Cantilever tip of 100 µm tall nickel capacitor e10. Top: wet sample after etch.
Middle: dry sample showing stiction. Bottom: nitrogen released sample.
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compressed nitrogen. This was found to be a useful approach at the prototype level, since
the beams can be reliably released without damage and the devices can therefore be tested,
however this is not a satisfactory solution to the stiction problem on a fabrication-scale level.
Stiction theory, including the conditions for stiction to occur and critical dimension formulas,
will now be investigated to see whether slight changes in the capacitor layout can eliminate
the observed stiction problem.
For stiction to occur, two conditions must be satisfied: (1) mechanical collapse of the
structure onto an adjacent structure must happen and (2) the intersolid adhesion between the
collapsed structure and the adjacent structure must be greater than the restoring force of the
collapsed structure [88]. Intersolid adhesion of the two surfaces can result from various forces
such as van der Waals forces, electrostatic forces, and hydrogen bridging forces, depending
on the nature of the surfaces [89]. If either of these conditions is not satisfied, then stiction
will not occur. The first condition, mechanical collapse, can be divided into two categories:
(a) release related collapse and (b) in-use collapse [90]. Release related collapse is often a
result of the capillary force during the drying process after the removal of the sacrificial
layer. This was the case in the example shown in Figure 4.1. Two situations can lead to
in-use collapse: (i) the microstructure is exposed to a humid atmosphere leading to capillary
condensation and the formation of a water droplet in the gap [91] and (ii) an external force
causes the structure to collapse either by deliberate placement of a collapsing force or by
accidental shock.
4.1.2 Critical Dimensions
The following sections give equations and example figures that can be used during design
to quantize the stiction problem. The first section addresses the problem of collapse by
capillary force, the second section addresses the intersolid adhesion problem, and the third
section provides a useful example for two cantilever structures.
Example high aspect ratio cantilever and fixed-fixed beam structures are shown in Fig-
ure 2.2 on page 29. The beam has a length l, width w, height h, and undeformed air gap d.
The beams are anchored to the larger stationary structures and are the only portions of the
structure that are not attached to the substrate allowing them to move freely.
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Collapse by Capillary Force and the Elastocapillary Number
One of the main reasons for collapse during the fabrication and use of MEMS devices is
the collapse by capillary force. This force results as the liquid evaporates from within the
air gap separating the movable structure and a fixed adjacent structure. This liquid bridge
pulls the movable beam onto the adjacent surface as the volume of the liquid decreases. A
dimensionless number, called the elastocapillary number NEC , has been proposed [92] to
characterize the problem. The microstructure will not touch the adjacent surface during
drying if NEC > 1 and will touch the adjacent surface if NEC < 1. This number can be
explained as the ratio of elastic restoring energy to the capillary energy. The elastocapillary
numbers for different structure types are shown in Table 4.1 with variable names changed
from [92] to reflect the vertical rather than planar orientation of the beams.
Table 4.1: Elastocapillary numbers for different structure types [92].
Structure Type Approximate Elastocapillary Numbers (NEC)
cantilever beam
2
9
Ed2w3
γl cos θcl4(1 + w/h)
(4.1)
fixed-fixed beam
128
15
Ed2w3
γl cos θcl4(1 + w/h)
[
1 +
2
7
σRl
2
Ew2
+
108
245
d2
w2
]
(4.2)
In Table 4.1, E is Young’s (elastic) modulus, γl is the liquid surface tension, θc is the
contact angle between the liquid and the solid, and σR is the residual stress. The critical
length can be determined by setting NEC to 1 and solving for the length. This will determine
the largest structure that can be fabricated without touching during drying. The surface
tension of water, a commonly used drying liquid, is 73 mN/m [93]. Other liquids are often
used as a drying solution due to their lower surface tension, such as ethanol (22 mN/m) [93]
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and n-hexane (19 mN/m) [94]. Contact angles are highly dependent on surface properties
such as roughness and contaminants. For metal surfaces, the surface is nevertheless of high
free energy and, under ambient laboratory conditions, covered with a reversibly physisorbed
layer of water, hydrocarbons, and other organic compounds [95]. In [95] the authors report
contact angles of 30◦ − 70◦ for freshly prepared gold slides under laboratory conditions. As
a worst case scenario, the designer can assume a completely wetted surface (θc = 0
◦), which
gives a lower bound to the above elastocapillary numbers.
Contact Stiction and the Peel Number
In order for the movable structure to stick after collapse, the intersolid adhesion must be
greater than the restoring force of the structure, which is one of the conditions for stiction
to occur and an example can be seen in Figure 4.1.
A number called the peel number NP has been proposed for the intersolid adhesion
problem [92], which is the ratio of elastic strain energy stored in the deformed microstructure
to the work of adhesion between the microstructure and an adjacent structure. If NP > 1,
the restoring energy is greater than the work of adhesion and the structure will not stick.
If NP < 1, the structure cannot overcome adhesion and sticks to the substrate. The peel
numbers for different structure types are shown in Table 4.2. The surface energy per unit
area of the bond γs, depends on the nature of the adhesion forces at work. Typically, in
strong crystalline solids this energy is very high (500−2000 mJ/m2), and in soft solids, such
as polymers, it is very low (5 − 100 mJ/m2) [92]. These values are heavily influenced by
surface contaminants and roughness as in the case for contact angle determination.
Critical Dimension Examples
The theoretical stiction results of two cantilever beam structures are presented. These results
are a useful example of the types of issues facing designers of movable high aspect ratio
structures. The two cantilevers have identical geometries, but are a different material, both
commonly used in fabricating high aspect ratio structures. Consider a cantilever beam dried
using water (Figure 2.2(a), page 29) with a width w of 10 µm, an air gap d of 5 µm, and a
height h of 100 µm. These dimensions are comparable with the dimensions of the capacitor
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Table 4.2: Peel numbers for different structure types [92].
Structure Type Approximate Peel Numbers (NP )
cantilever beam
3
8
Ed2w3
γsl4
(4.3)
fixed-fixed beam
128
5
Ed2w3
γsl4
[
1 +
4
21
σRl
2
Ew2
+
256
2205
d2
w2
]
(4.4)
shown in Figure 4.1, which is a large nickel device presented in Chapter 3. The air gap
value used here is between the large (actuator) and small (capacitance) gap sizes. The
elastocapillary number and peel number for a nickel cantilever is plotted in Figure 4.2 (top).
In the figure, two elastocapillary number curves are shown. The first is for a contact angle
θc of 78
◦ [96]. The second, a lower bound, corresponds to a completely wetted surface, a
contact angle of 0◦. The surface energy γs of nickel is 2240 mJ/m2 [97]. The elastic modulus
E of bulk nickel is 207 GPa [49]. The bulk nickel value was used since the value for LIGA
electroplated nickel varies significantly in the literature and depends heavily on electroplating
conditions.
Looking at the elastocapillary numbers, for a contact angle of 78◦, the length of the
shortest beam that will touch during drying is 513 µm. If the surfaces are completely wetted
(θc = 0
◦), the length of the shortest beam that will touch is 347 µm, which represents a lower
bound. Looking at the peel number curve, the shortest beam that will stick after making
contact is 173 µm. These results show that the intersolid adhesion of metal beams is very
strong and even beams that are quite short will stick despite the large restoring force from
the large elastic modulus, yet these shorter beams do not make contact during drying.
Figure 4.2 (bottom) is a plot of the elastocapillary number and peel number of a PMMA
cantilever beam dried from water. The surface energy γs of PMMA is 43 mJ/m
2 [98].
The elastic modulus E of PMMA is 3.3 GPa [99], which is much lower than the value for
93
Figure 4.2: Stiction of high aspect ratio beams. Top: nickel. Bottom: PMMA.
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nickel. Again two elastocapillary number curves are shown, corresponding to contact angles
of 62◦ [98] and 0◦. From the elastocapillary curves, for a contact angle of 62◦, the shortest
beam that will touch during drying is 150 µm. For a contact angle of 0◦, this length becomes
124 µm. From the peel number curve, the shortest beam that remains stuck after contact is
165 µm. These results show that very small polymer beams, similar to the length of nickel
beams, will stick despite the fact that they have a much lower surface energy. They stick
because they also have a much lower elastic modulus, which decreases the elastic restoring
force. In addition, beams smaller than the nickel beams will touch during drying due to the
small elastic modulus.
4.1.3 Prevention
As shown in the previous chapter, the layout for capacitor devices requires a minimum length
of the cantilever beams to be approximately 1 mm to give a suitable reactance in the desired
frequency range. It is obvious that the theoretically derived critical cantilever lengths are
so much shorter that stiction cannot be avoided by reducing the cantilever length without
compromising device performance.
Many methods have been suggested and implemented to reduce or eliminate stiction.
These can be divided into three categories; (1) methods that reduce or eliminate collapse
due to capillary force, (2) methods that reduce the surface energy so that beams don’t
permanently adhere even if they come into contact, and (3) simultaneous solutions that
eliminate capillary pull and reduce surface energy.
Methods that reduce capillary pull include drying using a low surface tension liquid such
as ethanol or n-hexane [94] as well as drying at increased temperatures [100], which reduces
the capillary force since surface tension decreases with increasing temperature. Also tem-
porary supports can be added that prevent mechanical motion during drying, which are
removed following the removal of the sacrificial layer. In fabrication for experimental pur-
poses, these supports are removed mechanically (probing) or by melting the supports [101].
Batch processing compatible temporary supports have been developed that can be removed
in oxygen plasma after the sacrificial layer etch [102]. Another method is termed liquid
bridge cleavage, in which devices can be designed so that the last remaining droplets during
95
evaporation are concentrated near the strong supporting structures of the movable structure
instead of the weakest portion of the movable structure [103]. This minimizes the impact of
capillary pull. Various schemes exist that are based on dry etching the sacrificial layer. This
eliminates the collapsing force since there is no liquid present during drying. One of these
techniques involves the replacement of the sacrificial layer with a plastic that can be etched
using oxygen plasma [102]. Other methods are employed that bypass the traditional evapo-
ration drying cycle. Two variations are freeze-sublimation drying and supercritical drying.
In freeze-drying the rinse solution is first frozen and then exposed to a heated vacuum envi-
ronment. The solid turns directly to vapour, which eliminates the capillary pull since there
is no liquid state present. This was first applied to MEMS devices in [104]. One disadvan-
tage is that the rinse solution can experience significant volume expansion during freezing
which can permanently deform the structures. This can be minimized using liquids that
expand little when frozen. This process is now rarely used, in favour of the more successful
supercritical drying technique [88]. In this technique, the rinse solution is replaced by liquid
CO2 at elevated pressures inside a high pressure chamber. The liquid CO2 is then heated
to a supercritical fluid. There is no interface formed during this transition. The chamber
is then vented at a constant temperature above the critical temperature. The CO2 exits
in gaseous form. During evaporation of the supercritical carbon dioxide, no liquid-vapor
interface exists, so there are no capillary forces working.
Methods that reduce surface energy include increasing the surface roughness and reducing
the contact area. Increasing surface roughness dramatically reduces adhesion because the
van der Waals force is expected to be extremely sensitive to surface roughness. A tenfold
reduction of the adhesion energy can be obtained [89]. This procedure also has the benefit
that it can often be accomplished without a complete redesign of the structure, requiring
a tailoring of the fabrication process. Another method to reduce the surface energy is to
reduce the contact area. In many instances, early in the design, stiction reducing bumps can
be added into the layout [105]. These bumps are placed to significantly reduce the contact
area of the movable structure and the adjacent structure. This technique is very simple, but
suffers from two drawbacks. First, it cannot be applied in all situations, and second, the
adhesion of the bumps is often larger than anticipated [88].
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Simultaneous solutions that eliminate capillary pull and reduce surface energy come in
the form of low surface energy, hydrophobic coatings that have become very popular in
combating the stiction problem. The reason for their popularity is that in many cases they
are able to simultaneously reduce the surface energy as well as make the surface hydrophobic,
which eliminates the capillary pull during drying. This is the only solution that tackles both
problems simultaneously. One example of these coatings is referred to as self-assembled
monolayers (SAMs), since they form a single layer of adsorbed molecules on the surface.
These molecules can be tailored to adsorb on a wide range of surfaces, including metals and
semiconductors. The head group can be tailored to adsorb to the desired substrate while the
tail group points away from the substrate. The tail group can be terminated with appropriate
molecules depending on the application. These monolayers have also been shown to be very
useful in reducing friction and wear [106].
For the capacitor structures presented in Chapter 3, drying using a low surface tension
liquid (ethanol) was tried on nickel structures with no success. The majority of cantilever
beams showed stiction after the removal of the sacrificial layer. Also, an attempt at applying
a monolayer of dodecanethiol to nickel structures was performed. The thiol was applied to
the capacitors immediately after the HF etch, before the devices were dried. Thiols have
been observed to make metal surfaces hydrophobic and significantly lower surface energy.
This eliminates stiction during drying and actuation. Thiols have not been adequately
investigated on nickel MEMS devices and this is not a mature technique. The problem with
nickel lies in the oxide layer which reduces the quality of the formed monolayer [96,107]. This
test was unsuccessful and stiction was observed after drying and during actuation. Removal
of the oxide layer before the application of the monolayer should be employed in future tests.
One issue with the methods that solely reduce or eliminate the capillary pull during
drying is the fact that these devices may become stuck during use, if accidental contact
is made, which is possible for some structure types including the capacitors presented in
Chapter 3. For this reason, either surface energy reduction techniques or a surface coating
appear to be possible solutions to the stiction problem for these devices. During etching and
testing of the pull-away style capacitors it was noticed that certain devices do not stick once
they have collapsed onto the electrode. This was only observed in a few devices and is not
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consistent across samples. It is believed that some devices make better contact than others,
therefore some stick while others do not. Based on these observations, a reduction in area
during contact seems to be a promising technique for the elimination of stiction during both
fabrication and actuation.
This could be achieved by adding small bumps to either the cantilever sidewalls, or elec-
trode sidewalls, or both. For vertically oriented beams fabricated using the LIGA process,
these bumps can be simply incorporated as a feature on the mask. This produces bumps
that run the full height of the beam, or electrodes and allows for the precise control of their
geometry. In planar processes, the incorporation of these bumps typically requires an addi-
tional lithography step and their shape can be process limited by planar layer thickness. The
required size and spacing of these bumps can be determined from beam length calculations
using the peel number equations presented above. When the beam collapses, these bumps
maintain a gap distance equal to the size of the bumps. The beam can then be approximated
as a fixed-fixed (doubly supported) beam with a length equal to the spacing between the
bumps and a gap distance equal to the size of the bumps. The peel number equation for a
fixed-fixed beam then gives a good indication as to whether a beam of this length will stick
if contact is made.
Lengths of fixed-fixed beams at the peel bound (onset of sticking) (NP = 1) are shown
in Figure 4.3 for beam widths (w) ranging from 2.5 to 20 µm. Four lines are shown cor-
responding to nickel and gold beams with gap distances (bump sizes) of 0.5 and 1.0 µm.
The surface energy γs of gold is 1540 mJ/m
2 [97] and the elastic modulus E of bulk gold is
78 GPa [49]. The residual stress σR was set to 0.
From the figure it is clear that nickel beams can be longer than gold beams without
sticking. Nickel has a higher surface energy, but also a significantly larger Young’s modulus,
which makes it less prone to sticking. In the remaining work it can be assumed that no
beams will be fabricated with a width smaller than 5 µm. Therefore, if both nickel and gold
structures are to be fabricated, the spacing between bumps should be made at most 80 µm
if 0.5 µm bumps are used and 113 µm if 1.0 µm bumps are used.
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Figure 4.3: Lengths of fixed-fixed beams at the peel bound (NP = 1).
4.2 Structures for the Determination of Surface Energy
As shown in the previous section, one of the important material property parameters when
designing microstructures is the surface energy γs. This parameter is useful when analysing
structures to determine if the structures will stick during fabrication or device operation.
In the proposal for this research it was suggested that a set of test standards to determine
the surface energy could be investigated, similar to the structures presented in [108], but
modified for thick electroplated metal layers.
An example of these structures is shown in Figure 4.4. The technique involves fabricating
beams of known geometry and increasing length. In this case an array of polysilicon cantilever
beams was constructed. During the wet removal of the sacrificial layer, the devices come
into contact with the substrate due to the large capillary forces present during drying. In
the dry samples, adhesion forces hold the beams against the substrate with a characteristic
interfacial surface energy γs. The length of the longest beam that is detached is proportional
to the magnitude of this surface energy. Using this method, relatively accurate values of the
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Figure 4.4: Polysilicon cantilever beams of increasing length. The shorter beams are free
from the substrate and the longer beams are pinned to the substrate with the transition
signifying the peel bound (reproduced from [88]).
surface energy can be determined that provide the designer with some insight into the types
of structures that can be built free of stiction.
Upon further investigation, this technique is not applicable to the metal beams found in
this work. The reason for this can be seen in Figure 4.2. In the figure for nickel (top), beams
that have a length equal to the peel bound do not touch during drying, only longer beams
do. Phrased differently, the shortest beam to touch during drying will stick, but beams
shorter than this would stick if they came into contact. Therefore, this technique, used with
metal structures, would only yield information as to which beams came into contact during
the drying process. In the figure for PMMA (bottom), beams shorter than the peel bound
would touch during drying, however only beams longer than the peel bound would remain
stuck after the structures were dry. Therefore, PMMA stuctures could be used with this
technique.
With metal beams, these shorter beams that don’t touch during drying could be possibly
forced to make contact using a different method such as mechanically (probing) or using an
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electrostatic force. This was not investigated as mechanically actuating these beams would be
unreliable. Also, the voltage required to electrostatically actuate peel bound length beams
is very large and the breakdown of air at these voltages could be possible, which will be
shown in a following section. For the peel bound length nickel cantilever beam example with
dimensions; l = 173 µm, w = 10 µm, d = 5 µm, and h = 100 µm, the pull-in voltage would
be approximately 1,000 V using the theoretical pull-in voltage equations presented earlier.
4.3 Mechanical Material Properties
As discussed in Chapter 3, the bending characteristics of the measured devices match quite
well with that predicted by simulation, considering that the simulation results include ap-
proximated high-frequency parasitic capacitance effects. However, the measured pull-in volt-
age values are considerably smaller than the values predicted by simulations using bulk ma-
terial properties. For the large nickel devices, the measured pull-in voltage is approximately
20.0 V compared to 25.6 V predicted by simulations and for the small gold devices the mea-
sured pull-in voltage is approximately 7.8 V compared to 9.3 V predicted by simulations.
In Chapter 1 it was shown that the mechanical properties of thick electroplated layers
used in the fabrication of microstructures often differ from bulk values and are dependent
on process parameters such as bath types, temperatures, currents, plating areas, etc. In this
case, bulk mechanical properties predict a higher pull-in voltage, therefore the magnitude of
Young’s modulus in the fabricated devices is likely smaller. A set of test structures called
VM-TEST was developed to determine the important mechanical material properties of
thick electroplated layers including Young’s modulus E and the residual stress σ0. These
structures were presented in [109] and a discussion of the structures is given in Chapter 7.
4.4 Tuning Ratio
The maximum tuning ratio for the pull-away style variable capacitors, as shown in Chapter 3,
was 1.36:1 for the small gold half capacitance electrode (e7) device. Some applications require
only a small tuning ratio to fine-tune an impedance value, most applications require a ratio
of at least 2:1 [2]. Conventional solid-state varactors made from silicon or gallium arsenide
using either p-n or Schottky-barrier junction structures typically feature tuning ratios of 2:1
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to 4:1 including parasitics. A high aspect ratio MEMS capacitor structure fabricated using
DXRL with a significantly increased tuning ratio over the pull-away variable capacitors is
discussed in Chapter 6. This device uses the principle of leveraged bending and places the
capacitance electrode on the same side of the beam as the actuation electrode. Using this
approach, the tuning ratio is significantly increased and the device features similar large
Q-factors as the pull-away variable capacitors.
4.5 Reduction of Actuation Voltage
The reduction of actuation voltage has been an important topic in MEMS design since
the integration of these devices with integrated circuits has been one of the major goals.
Electrostatically actuated devices typically require actuation voltages that are significantly
larger (20 - 80 V) than the voltages used in integrated circuits (< 5 V). While the direct
operation of MEMS devices at lower voltages would be optimal, a common approach has
been to include circuitry to increase the voltage level to that required by the MEMS devices.
An example of this approach is found in the WiSpryTM antenna tuner for handsets chip
(WS2018) mentioned in Chapter 1. This device provides impedance optimization using
digitally tunable MEMS capacitors. It compensates for antenna source impedance changes
due to the need to operate over different frequency bands as well as to compensate for
antenna load changes that are caused by hand, head and other body effects. The chip can
be driven using an existing supply as the high voltage (35 V) charge pump for electrostatic
actuation is fully integrated on the same die as the MEMS variable capacitor elements.
To reduce the actuation voltage in future designs, an adjustment of the gap shape was
performed and the results were presented in [110]. By changing the gap shape the actuation
voltage can be reduced by as much as approximately 40% for cantilever beams and 30% for
fixed-fixed beams. A detailed description of the gap shapes and procedure is presented in
Chapter 6.
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4.6 Other Challenges
The following challenges have been thoroughly covered in [19] and will be briefly discussed
in the following sections.
4.6.1 Stress Concerns
The stress levels present in the device during actuation must be examined. In general the
stress should be kept at a minimum. The larger the stress during actuation, the fewer number
of cycles the device will be able to tolerate before failure.
Nickel tensile specimens were fabricated and analyzed [41] to determine their strength
and high-cycle fatigue performance. Based on these findings, the tensile strength was found
to be approximately 600 MPa, the yield strength approximately 370 MPa and the fatigue
strength (endurance limit) of approximately 195 MPa.
Nickel cantilever and fixed-fixed beams were analyzed using ANSYS with geometries
(w = 6 µm, d = 6 µm, l = 1000 µm) similar to the devices found in this work [19]. They were
analyzed with and without the large rounding (30 µm radius) where the beam attaches to
the stationary support structure. For cantilever beams without a rounded attachment point,
the maximum stress intensity (for a 2 µm displacement) was found to be approximately
3.4 MPa. For the fixed-fixed beam without rounded corners the value was approximately
8 times larger at 26.3 MPa. Both values are significantly smaller than the endurance limit
found in [41], and should perform quite well during small deflections.
Rounding the attachment points resulted in similar stress intensities, but a reduction in
the stress component in the direction perpendicular to the beam by a factor of approximately
7. Most importantly, there is no large stress component near a sharp corner that could
propagate tiny cracks, which would cause the device to fatigue prematurely.
In all cases the stress levels were well below the 195 MPa endurance limit for LIGA nickel.
This does not suggest that the selection of geometry for a MEMS device is arbitrary. Steps
must be taken to reduce the stress levels, especially the elimination of sharp corners where
tiny cracks can propagate and cause the device to fail prematurely. In addition, the stress
in the polymer resist that results due to expansion and shrinkage during development, must
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be taken into account. Sharp corners in the tall polymer structures will crack or possibly
lift from the substrate. Therefore, there should be no sharp corners in the MEMS device
at all if possible. This includes components of the MEMS device that are not involved in
actuation. A rounding radius of 1 or 2 µm for static corners is usually adequate.
4.6.2 Breakdown of Air at Micrometer Separations
MEMS devices that feature electrostatic actuation often require large voltages applied be-
tween electrodes, which are often spaced by only a few microns. The MEMS designer needs
to know how large of a voltage can be applied, before the air between the electrodes breaks
down and allows current to pass in the form of a spark.
It is commonly believed that if the voltage between two electrodes in atmospheric air is
below the Paschen minimum breakdown voltage of approximately 325 V, then a breakdown
between the electrodes is not possible [111].
Measurement data [111] reveals that for gaps greater than 4 µm the breakdown voltage
is in the range of 300 - 400 V, and is consistent with Paschen’s law. For gaps less than
4 µm the breakdown voltage is smaller than the values predicted by the Paschen curve and
is a function of the separation of the electrodes. Experimental data suggests the breakdown
voltage falls between 65 V/µm and 110 V/ µm for gaps up to 4 µm wide. The breakdown of
air at micrometer separations is very similar to the breakdown of vacuum at small separations
and suggests a similar breakdown mechanism may govern both cases. Since the mean free
path of the electrons in air at atmospheric pressure is about 4 µm, the presence of air in
very small contact gaps will only have a small effect on the breakdown process [111].
For the MEMS designer, this data reveals that one must be careful to avoid designs that
require actuation voltages that are large enough to cause breakdown. During actuation of
MEMS devices the gap becomes smaller as the voltage is increased. Therefore, the maximum
voltage and the smallest gap size are the two most important parameters. From the data
presented above, a value of 65 V/µm should not be exceeded to be on the safe side. This
linear relationship is only valid for gaps smaller than 4 µm. For larger gaps Paschen’s law
provides accurate information.
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4.6.3 Beam Deflection due to Acceleration
Gravity will cause the beam to deflect. This is a potential problem if the deflection of the
beam is significant. If gravity causes the capacitance to change by a significant amount then
the orientation of the capacitor becomes important. This is not a desirable characteristic
since this device should be able to perform adequately regardless of its physical orientation.
Accelerations other than gravity will also cause the beam to deflect. The capacitor should
also be able to perform under a wide range of accelerations. The device should not be limited
to stationary operation.
For example, a nickel cantilever beam with l = 1000 µm, w = 10 µm, and h = 100 µm
placed on its side (for maximum deflection) will have a deflection due to gravity g of 0.006 µm
at the beam tip. A fixed-fixed nickel beam with similar dimensions will have a deflection
due to gravity of 0.0001 µm at the beam center. The density used for the calculations was
8.902 g/cm3 [49] with bulk mechanical properties (E = 207 GPa, ν = 0.31) [49].
Assume the beam is used as one electrode in a capacitor with an air gap of 1 µm.
For the cantilever beam, the deflection due to gravity is 0.57% of the overall gap. The
change in capacitance will be approximately 1/3 of the tip deflection, approximately 0.19%.
This number could be significant depending on the application. For the fixed-fixed beam,
the deflection due to gravity is 0.012% of the overall gap. The change in capacitance is
approximately 0.004%, which is not likely significant regardless of the application.
Alternatively the required acceleration can be calculated for a beam deflection of 3%
(0.03 µm) of the gap. The associated change in capacitance will be approximately 1%. For
the cantilever beam configuration, the acceleration required is 5.2 g. For the fixed-fixed beam
configuration the acceleration required is 251.8 g. In comparison, the acceleration during
a space shuttle launch is 2 - 3 g. A fighter jet is capable of 8 - 9 g. The deflection of the
cantilever beam can become significant during large accelerations. Accelerations capable of
a significant deflection of the fixed-fixed beam are not likely to be encountered.
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5. Layout and Fabrication Challenges
This chapter gives a brief overview of the layout that was created to address some of the
challenges that were discussed in Chapter 4. The high aspect ratio beams and gaps found
in these structures make fabrication non-trivial. Therefore, some of the general challenges
encountered when fabricating deep X-ray lithography masks and samples featuring structures
with these dimensions are also discussed.
5.1 Layout
The layout that was created to address some of the challenges discussed in Chapter 4 is
shown in Figure 5.1. The layout has been divided into a grid for easier discussion. The
following is a brief overview as to the different structures found in the layout. Structures
presented in the remainder of this work will be discussed first, followed by a brief description
of the remaining structures not covered in this work as well as supporting structures used in
the fabrication process.
The devices in coordinate C2 are leveraged bending capacitors with increased tuning
ratio and will be discussed in detail in Chapter 6. There are 12 devices in total and they
differ by size (3) and anti-stiction measures (4). The small devices have beams 1000 µm
long, beam widths of 5 µm and an actuator air gap width of 5 µm. The medium devices
have beams 1200 µm long, beam widths of 6.5 µm and an actuator air gap width of 6 µm.
The large devices have beams 1400 µm long, beam widths of 8 µm and an actuator air gap
width of 7 µm. The capacitance gaps for all devices were scaled according to the actuator
air gap size. The four different anti-stiction measures are bumps attached to the electrodes
in two different sizes (0.5 and 1.0 µm) and large triangles that protrude from the electrodes
the same distance as the bumps (0.5 and 1.0 µm).
The devices in coordinates A(1,2), F(1,2) and H(1,2) are structures for determining me-
chanical material properties. These structures will be discussed in detail in Chapter 7. Each
coordinate set contains 16 cantilever beams and 16 fixed-fixed beams of varying lengths.
The six coordinate sets vary in anti-stiction measures (3) and whether or not the beams
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have periodic widening on the side opposite to the actuator electrode (2). The anti-stiction
measures are 1.0 µm bumps (F1,H1), 0.5 µm bumps (F2,H2) and 1.0 µm triangles (A1,A2).
Structures with periodic beam widening are (A2,H1,H2) and those without are (A1,F1,F2).
Only the devices with 1.0 µm bump anti-stiction measures will be discussed in the following
chapters as these measures proved to be the most reliable.
The devices in coordinates D(1,2) and E(1,2) are modified pull-away style variable capac-
itors. Both cantilever and fixed-fixed beam structures in four sizes were designed including
structures smaller than the structures presented in Chapter 3. Anti-stiction measures have
been incorporated along with full, 2/3 and 1/3 length capacitance electrode designs. Some of
the cantilever devices feature a modified layout with smaller ground structures for lower par-
asitics and higher performance. These structures require testing and characterization. The
devices in coordinates B2 and G(1,2) are high aspect ratio RF MEMS series microswitches.
They differ in size (2) as well as actuation electrode design (3) and contact area design (3).
These structures also require testing and characterization. The devices in coordinates (B,C)1
are micromachined inductors fabricated for another researcher.
The structures found in coordinates (B,G)3 are used for alignment, which is necessary if
the structures on the mask are to be aligned to a substrate that has been previously pat-
terned. Portions of the mask membrane inside the alignment structures are etched away,
making these areas optically transparent so that alignment is possible. Also visible in Fig-
ure 5.1 are small structures in three of the corners of the mask. These structures are transla-
tion rings that can be used to monitor the extent of the mechanical translation present during
the exposure. These structures will be discussed in greater detail in a following section.
5.2 Mask Fabrication Challenges
The fabrication process for creating titanium membrane X-ray masks consists of first con-
structing an intermediate mask and then transferring this pattern into a working mask
which can be used to pattern the thicker PMMA templates that are used to electroform the
final structures. The titanium membrane mask fabrication process is thoroughly discussed
in [12,112,113].
The intermediate mask is created by e-beam writing the layout pattern into 3 - 4 µm of
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PMMA situated on top of a 2 - 3 µm thick sputtered titanium carrier layer. The titanium
layer is sputtered on top of a silicon wafer coated with a 100 nm carbon layer as an anti-
adhesion film to facilitate the release of the titanium layer. The developed resist template
is electroplated with approximately 2 µm of gold. The resist is stripped, then the wafer is
glued to an Invar support frame. Finally, the titanium membrane supporting the gold X-ray
absorber pattern is released from the silicon wafer.
The intermediate mask pattern is then transferred into a working mask using soft X-ray
lithography. The working mask starts off similar to the intermediate mask except a resist
layer of approximately 30 µm is used. This resist template is then electroplated with gold to
a height of approximately 20 µm. Similar to the intermediate mask, the resist is stripped,
the titanium membrane is glued to an Invar frame, then the membrane with gold absorbers
is released from the silicon wafer.
The following discussion illustrates the complexity of the mask fabrication process and one
of the challenges that was encountered when attempting to fabricate a working mask based
on the layout described in the previous section. During the intermediate mask electroplating
process, significant gold underplating was observed beneath the resist structures that are
meant to define the air gaps in the fabricated devices. Example images of a fabricated
intermediate mask are shown in Figure 5.2. Gold underplating can be seen in the air gaps of
both large (Figure 5.2(a)) and small (Figure 5.2(b)) devices. Around the beam tip, in both
images, the pitted rough darker surface of the oxidized titanium layer can be seen. In the
large device, the lighter gold underplating is seen on both edges of the large gap, but not in
the center of the gap. In the small gap the underplating appears to cover the whole gap. In
the small device, the underplating appears to cover both large and small gaps.
When this intermediate mask is transferred using soft X-ray lithography into a working
mask, the resist in the small gaps is not adequately removed in the development process
as the exposure dose in these areas was not large enough due to the significant amount of
gold. This leads to incomplete electroplating in the areas that feature unwanted resist. An
example of this is shown in Figure 5.3, which is a working mask test sample (03671 01).
These figures depict the start of the gold electroplating on the working mask. The height of
the gold is approximately 100 nm. On the large device, plating starts on both the small and
109
(a) Large Device (b) Small Device
Figure 5.2: SEM images of intermediate mask (03494). Images show the beam tips of large
and small capacitor devices and the unwanted gold underplating in the gaps.
(a) Large Device (b) Small Device
Figure 5.3: SEM images of working mask test sample (03671 01) with approximately 100 nm
of electroplated gold. Images show the beam tips of large and small capacitor devices.
large gaps, but on the small device there is no plating on the small gap.
After electroplating the working mask (03630) to a height of approximately 25 µm, as
shown in Figure 5.4, voids in the gold absorber structures meant to define the air gaps in
the final devices can be seen due to incomplete resist development. Visible in the small gap
of the large device is incomplete electroplating and what appears to be trapped resist. The
small device has large portions of the small gap absorbers missing. The images are not the
110
(a) Large Device (b) Small Device
Figure 5.4: SEM images of working mask (03630) with approximately 25 µm of electroplated
gold. The incomplete electroplating of the gold absorber structures can be seen.
exact devices shown in Figures 5.2 and 5.3, but have identical size gaps and are expected to
have very similar underplating.
Based on these results, the underplating is likely thicker in the smallest gaps of the
intermediate mask which would explain why these areas do not properly develop in the
working mask, even though there appears to be significant underplating in the large gap of
the small device. Later attempts at the fabrication of an intermediate mask were successful
by improving the adhesion of the resist with the oxidized titanium. An example of success-
fully fabricated small and large capacitor devices from working mask 03916 are shown in
Figure 5.5.
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(a) Large Device (b) Small Device
Figure 5.5: SEM images of working mask (03916) with approximately 25 µm of electroplated
gold showing the successful fabrication of both large and small capacitor device structures.
5.3 Exposure Challenges
5.3.1 Mechanical Translation
The mechanical translation of the sample with respect to the mask during an exposure is a
common issue as the scanner is constantly in motion during the exposure. This translation
must be monitored in each sample as the resulting structure quality directly depends on the
magnitude of this translation. This is also important when copying an intermediate mask
into a working mask as translation during this step is possible as well.
Inside the scanner chamber, the mask and sample are pressed together with a pneumatic
force. This force along with the friction between the resist and the proximity spacers on
the mask prevents the two from moving in relation to one another. The proximity spacers
are used to define the air gap during the exposure. They cycle together vertically though
the beam to achieve a uniform radiation dose on the sample. The sample and mask can
cycle thousands of times during an exposure that can often last for hours depending on the
thickness and type of resist. It is not uncommon for the two to move in relation to one
another during this process.
To monitor this, auxiliary structures called translation rings can be added to the layout,
as was done in the layout in Figure 5.1. Concentric rings are placed in three of the four
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corners on the mask. They are placed in the corners as it helps to isolate them from mask
membrane thermal expansion effects, which will be discussed in the next section. After
exposure and development of the sample, the rings on the sample are inspected and the
circularity of the rings can be used to determine the extent of the translation during the
exposure.
Example images of bottom left corner translation rings can be seen in Figure 5.6. These
images were acquired using an optical microscope with an attached camera. To determine
if translation occurred a circle is drawn using measurement software into the inner ring
and the two are compared. Figure 5.6(a), from sample 03704, shows minimal translation
as the rings are very circular. In this image translation is not detectable. Figure 5.6(b),
from sample 03701, shows significant translation as the inner ring is elongated with respect
to the reference circle. From the measurement values on the image, the magnitude of the
translation can be estimated to be approximately 6 µm. The magnitude of the translation in
this image is not typical, however this method can be used to identify translation problems
greater than approximately 1 µm using an optical microscope, a camera and appropriate
aquisition and measurement software.
(a) Minimal Translation (03704) (b) Significant Translation (03701)
Figure 5.6: Optical microscope images of translation rings.
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5.3.2 Mask Membrane Thermal Effects
As mentioned previously, the titanium membrane X-ray masks are fabricated with a very thin
(2 - 3 µm) titanium carrier membrane with thicker gold absorbers (≈ 20 µm) electroplated
on top. The membrane is attached to a cooled Invar frame. This membrane and the gold
absorbers heat significantly as the beam passes over them during a scan [113,114]. This causes
them to locally expand, then contract, during each scan pass, which can cause significant
deformations in the transferred image. The beam homogeneously irradiates the mask in
the horizontal direction. Vertically the beam is a few millimeters high therefore scanning
is required, which imparts the most significant thermal distortion into the vertical direction
with the maximum deformation amount located in the center of the mask.
An example of a structure showing thermal distortion is shown in Figure 5.7. For this
exposure, the sample (03710) was rotated 90◦ from normal in the scanner so that the beam
and gap lengths were oriented vertically rather than horizontally. This was done to minimize
the thermal distortions of the beam and gap widths, which are the most sensitive dimensions
in the layout. Figure 5.7(a) is an image of the bottom left translation ring for this sample
in 150 µm of PMMA. No significant translation is visible in the image signifying that the
mask and sample did not move with respect to each other during the scan. Figure 5.7(b)
(a) Minimal Translation (03710) (b) Significant Thermal Distortion (03710)
Figure 5.7: Images from sample 03710 showing no translation effects but significant thermal
distortion.
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is an image of a structure for determining mechanical material properties in 100 µm of
electroplated nickel. In the image it is clear that two anti-stiction bumps are present in
each location that contains only one on the mask. This was caused by significant thermal
distortion in the vertical direction during the scan.
Sample rotation to reduce distortion is only possible if the critical dimensions in the
layout lie in only one direction. In this case, these dimensions can be oriented so that they
are least distorted. Other methods to reduce thermal distortion, in general, involve reducing
the beam power that impinges on to the mask and the sample. This reduction in thermal
distortion can be achieved, to a certain extent, by reducing beam power and increasing
exposure time. There are multiple methods to reduce the beam power including reducing
the source energy or current, increasing the mirror angle, beam chopping and the use of pre-
filters. Increasing the mirror angle softens the spectrum by removing higher energy photons.
The mirror angle is typically tailored to the resist thickness since higher energy photons
are required for thicker resists. The most practical method to reduce beam power is beam
chopping. A chopper is a mechanical device that rotates and periodically blocks (absorbs)
the incoming beam. This causes the beam to be pulsed in time, which reduces power, but
maintains the spectral profile. The percentage of the time that the beam is on, is inversely
proportional to the required exposure time. Pre-filters inserted into the beam path remove
the lower energy photons and harden the spectrum. This method also slightly reduces beam
power, but this technique is typically used to lower the exposure dose at the top of the resist
where the lower energy photons are absorbed.
5.4 Etching
Initial etching tests to remove the approximately 3 µm thick titanium seed layer, electrically
isolating the structures and releasing the thin beams, were performed using 5% HF acid.
This etchant was created by diluting concentrated 48% HF acid to 5% by volume with
de-ionized (DI) water. Although this technique was successful, it was found to be hard
to control as the etch times were too short and significant etching underneath the nickel
structures (underetching) was common. Also, on occasion, the short etch times would not
be sufficient for the etchant to properly penetrate the gaps and fully remove the titanium
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seed layer present in these narrow trenches. This resulted in electrically shorted structures.
An improvement was made by etching these structures with HF acid diluted to 1%. This
increased the etch time, but allowed the etchant more time to penetrate into the narrow
trenches and remove the titanium material in the gaps. With the minimum time required to
fully remove the titanium material in the gaps, the 1% HF etchant showed less underetching
than the 5% in the other more open areas.
A further improvement for etching structures with narrow trenches was found by diluting
the 48% HF acid to 10% by volume with isopropyl alcohol (IPA). The lower surface tension
of the IPA was found to quickly and evenly penetrate the narrow gaps. It was also found
that a much higher HF concentration was required for an adequate etch rate when the HF
was diluted using IPA. In addition, a pre-soak in pure IPA then a direct transfer into the
etchant was beneficial as this helps draw the etchant into the gaps in the etch step. More
detailed information on this procedure as well as comparison images between the different
methods can be found in [115]. A pre-soak in DI water would also likely be beneficial for
the 5% and 1% HF etchants diluted using DI water. In all cases, the structures were rinsed
in DI water after the etch step.
Based on these findings, 5% HF is recommended for sacrificial layer removal that is
not time critical. HF diluted to 1% is recommended for time critical etching without the
presence of any narrow trenches or other areas where it would be hard for the etchant to
penetrate. An example of this would be seed layer removal to electrically isolate structures
where minimal underetching is required. HF diluted to 10% using IPA is recommended for
structures featuring high aspect ratio trenches or holes etc., where the etchant would have
a difficult time to penetrate. Holes or trenches with aspect ratios of 10:1 or greater would
benefit from using this technique.
5.5 Dimension Comparisons
The following discussion illustrates how the dimensions of the sample might change through-
out the fabrication process. These dimensions are given as one example, which is not nec-
essarily typical or optimal. As mentioned previously, the sequence for device creation is:
layout, intermediate mask, working mask, final sample. The intermediate mask number is
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03494, the working mask is 03630 and the sample is 03704, all of which were fabricated at
IMT.
To analyze the dimensions, 32 line and space measurements were taken in both vertical
and horizontal directions for each fabrication step. The same measurement locations were
used throughout the process. In the vertical direction, beam and gap widths were measured
and in the horizontal direction the support triangle width and the spacing between triangles
was measured. Table 5.1 shows the average difference between the 32 measurement points,
in µm, across the layout as fabrication progresses. These measurements were taken with an
optical microscope fitted with a camera and image capture and measurement software. On
the masks, the electroplated gold structures were measured and on the samples the developed
resist structures were measured.
The measurements show a difference between the layout and the intermediate mask of
approximately 1 µm. The lines on the layout increase by approximately 1 µm and the spaces
decrease by approximately the same amount. The difference between the working mask and
the intermediate mask is quite small. The difference in the vertical direction is negligible
and a slight horizontal difference suggests a possible small horizontal translation during
the exposure. The transfer from intermediate mask to working mask shows that virtually
identical mask copies are possible if the translation is minimal and the thermal effects are
negligible. The transfer from the working mask to the sample is quite accurate with a
dimension change of less than 1 µm. In this sample, no translation can be observed using
the translation rings. The larger vertical than horizontal difference suggests a possible slight
vertical translation and/or thermal effects. Throughout the overall process, from layout to
final sample, the lines increase by approximately 1.4 - 1.7 µm and the spaces decrease by
approximately the same amount.
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5.6 Sample Comparisons
This section is a comparison of four samples fabricated at different institutes using working
mask 03630. This is not every sample prepared as part of this work, but a small subset for
comparison purposes. They are the most accurate samples prepared to date at each location
using mask 03630 except for sample 03710. This is not meant as a comparison between
institutes, as time spent and sample numbers prepared at different locations varies greatly.
Also each institutes sample is not necessarily optimal for that facility, just an example of
the type of dimensions that are possible. The exposure parameters for the four samples are
listed in Table 5.2.
Samples 03704 and 03710 were fabricated at IMT in Karlsruhe, Germany. Sample
CAMD-1 was fabricated at the Center for Advanced Microstructures and Devices (CAMD) in
Baton Rouge, Louisiana. Sample SYL-00120 was fabricated at the Synchrotron Laboratory
for Micro and Nano Devices (SyLMAND) at the Canadian Light Source (CLS) in Saskatoon,
Saskatchewan. Sample 03704 was a low power exposure done on beamline Litho 1 with a
mirror angle of 15.4 mrad as noted by the long exposure time of 6 hours and 25 minutes.
Also note that the scan velocity was reduced to 2 mm/s for this exposure due to translation
problems likely associated with the long exposure durations. Sample 03710 was a higher
power exposure done on beamline Litho 2 with a mirror angle of 4.85 mrad. To minimize
the distortion of the beam and gap widths, both sample and mask were rotated by 90◦ dur-
ing the exposure. Sample CAMD-1 was exposed on XRLM1 and SYL-00120 was exposed at
SyLMAND with a mirror angle of 8 mrad and a 25% chopper setting.
A comparison of the dimensions of the four samples is given in Table 5.3. These values
are the average of the difference between the sample and the working mask in µm. Sample
03704 was discussed previously and is a very accurate transfer with a dimension change less
than 0.7 µm. In this sample no translation can be observed using the translation rings.
The larger vertical than horizontal difference suggests a possible slight vertical translation.
Sample 03710 has minor dimension change (< 0.9 µm) in the vertical direction on the sample,
but significant change in the horizontal direction (≈ 3 µm). No translation is detectable using
the rings. Since the sample was rotated 90◦ during the exposure this represents significant
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Table 5.2: Exposure parameters for samples exposured at IMT, CAMD and SyLMAND
using working mask 03630.
Sample 03704 03710 CAMD-1 SYL-00120
(IMT) (IMT) (CAMD) (SyLMAND)
Resist Thickness [µm] 100 150 160 100
Seed Layer Ti/TiOx Ti/TiOx none none
Substrate Material Alumina Alumina Si Si
Substrate Thickness [µm] 1000 1000 500 500
Beamline Litho 1 Litho 2 XRLM1 SyLMAND
Electron Energy [GeV] 2.5 2.5 1.3 2.9
Magnetic Field [T] 1.5 1.5 1.5 1.35
Bottom Dose [kJ/cm3] 3.5 3.5 4 4
Top Dose [kJ/cm3] unknown 5.8 11.4 7.1
Dose Ratio unknown 1.7 2.9 1.8
Dose Curr. [mA min/cm] 10633 510 3116 2000 (500)
Mirror Angle [mrad] 15.4 4.85 none 8.0
Chopper none none none 25%
Sample Rotation none 90◦ none none
Filter none 40 µm C 42 µm C 125 µm Kap.
Kapton on Resist [µm] 50 125 25 25
Scan Velocity [mm/s] 2 40 20 20
Scan Acceleration [mm/s2] 200 400 200 200
Beam Curr. [mA] 148 - 104 160 - 155 138 - 116 145 - 132
Exposure Time [min] 385 30 104 88
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Table 5.3: Dimension comparison of sample exposures done at IMT, CAMD and SyLMAND
using working mask 03630. The values listed are the average of the difference between the
sample and the working mask. WM = Working Mask.
Dimension Type 03704 03710 CAMD-1 SYL-00120
(WM,Sample) (IMT) (IMT) (CAMD) (SyLMAND)
[µm] [µm] [µm] [µm]
Vertical Dimension 0.67 0.87 0.29 1.29
(space,line) σ = 0.35 σ = 0.32 σ = 0.31 σ = 0.33
Vertical Dimension -0.67 -0.74 -0.38 -1.22
(line,space) σ = 0.30 σ = 0.28 σ = 0.23 σ = 0.27
Horizontal Dimension 0.36 3.04 1.02 2.16
(space,line) σ = 0.35 σ = 1.02 σ = 0.32 σ = 0.24
Horizontal Dimension -0.34 -3.16 -0.72 -1.70
(line,space) σ = 0.27 σ = 0.95 σ = 0.15 σ = 0.12
thermal effects. The standard deviation for these values is also significantly larger, suggesting
that it is very location dependent as is expected with thermal effects. Sample CAMD-1 is
also a very accurate transfer with a small dimension change (< 0.4 µm vertical, ≤ 1 µm
horizontal). A very slight horizontal translation is noticeable when examining the translation
rings for this sample. Sample SYL-00120 has considerably more dimension change in both the
vertical and horizontal directions, with significant translation noticeable in both directions
when examining the translation rings for this sample. The magnitude of the translation,
based on translation ring measurements, is approximately 1.5 µm. Work is ongoing at
SyLMAND to reduce this translation error. Further exposures at IMT on Litho 2 were
improved with the use of a chopper. Samples with chopper settings of 12.5% and 25% showed
more accurate values in the vertical direction (horizontal if rotated 90◦) on the sample due
to reduced thermal effects.
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6. Leveraged Bending Variable Capacitors
6.1 Theory
In this chapter, the theory, design, fabrication and testing details are presented for a high
aspect ratio variable capacitor that is suitable for fabrication with the LIGA process and
features a considerably increased tuning ratio over the pull-away style variable capacitors.
The device incorporates a capacitance electrode on the same side of the vertical beam as
the actuator electrode and relies on the principle of leveraged bending to increase the dis-
placement of the thin beam and increase the capacitance tuning ratio. A consequence of
the increased tuning ratio, is an increase in the required actuation voltage. Also presented
is a method to reduce the pull-in voltage in future designs by adjusting the shape of the
actuation gap.
A simplified 3-D view of a vertical, high aspect ratio cantilever beam is shown in Fig-
ure 2.2(a) on page 29. It is composed of two metal structures, a cantilever beam and a fixed
electrode. The fixed electrode is attached to the substrate and remains stationary. The
cantilever beam is not attached to the substrate, but is instead anchored to the larger metal
piece on the left that is attached to the substrate. The cantilever has length l, height h
and width w. The cantilever and the fixed electrode are separated by an air gap that has a
distance d. A DC bias voltage is applied between the beam and the fixed electrode, which
causes the beam to displace towards the electrode. A top view of the cantilever beam is
shown in Figure 2.3(a) on page 30. This figure shows the beam above the electrode, opposite
from Figure 2.2(a), but the operating principles are the same for both configurations. The
coordinate system used in the remainder of the chapter is also shown in Figure 2.3(a).
Simulations of the cantilever beam shown in Figure 2.2(a) were performed using the
ANSYS Multiphysics simulator with parameters listed in Table 6.1. The mechanical property
values listed are for bulk nickel [49]. Simulations of beam displacements just before pull-in
are shown in Figure 6.1. With a full actuator electrode from 0 ≤ x ≤ 1400 µm, the beam tip
deflects 3.11 µm just before pull-in at a voltage of 18.16 V. This corresponds to a displacement
122
Table 6.1: Simulation parameters.
Beam Length (l) [µm] 1400
Beam Width (w) [µm] 8
Air Gap (d) [µm] 7
Young’s Modulus (E) [GPa] 207 [49]
Poisson’s Ratio (ν) 0.31 [49]
Figure 6.1: Beam displacements and actuator locations for full and half length actuator
electrodes.
of 44% of the original gap distance. The capacitance change for this beam configuration is
shown in Figure 6.2. The capacitance changes from 0.00179 to 0.00223 pF/µm over this
voltage range, which corresponds to a tuning ratio of 1.25:1. The capacitance units are
per µm because the simulations are 2-D and have no height. For actual capacitance values,
these results should be multiplied by the height. The theoretical equation for the pull-in
voltage of a cantilever beam, given in [53, 54] (Equation 2.9, page 34), predicts a pull-in
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Figure 6.2: Capacitance as a function of actuation voltage for full and half length actuator
electrodes.
voltage of 18.19 V as the height, h, approaches infinity. Letting the height approach infinity
in the theoretical equations is similar to 2-D simulations, since the 2-D simulations neglect the
fringing fields at the top and bottom edges of the beams. The height approaching infinity in
the equations also eliminates the effect of top and bottom edge fringing. Using the cantilever
beam equation from [59] (Equation 2.11, page 34) a value of 18.37 V is predicted for the
pull-in voltage as the height approaches infinity. Both theoretical equations show a percent
difference of less than 2% when compared to the simulated results.
If the actuator electrode is made half as long corresponding to 0 ≤ x ≤ 700 µm, the beam
tip deflects 7.20 µm just before pull-in at a voltage of 72.30 V as shown in Figure 6.1. This
corresponds to a beam displacement of 103% of the original gap distance. This principle of
achieving larger that complete gap displacements by omitting the portion of the actuator
electrode directly by the beam tip in the case of cantilevers, or by the beam center in the
case of fixed-fixed beams, is called leveraged bending. The key is that the electrostatically
actuated portions of the structure deflect less than the pull-in limit, while other portions of
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the structure can move through the entire gap [116]. As shown in Figure 6.2, the capacitance
changes from 0.00091 to 0.00113 pF/µm over this voltage range, which also corresponds to
a tuning ratio of 1.25:1 similar to the full electrode case. This is expected since with the
half electrode configuration, the deflection at the center of the beam just before pull-in is
approximately the same as the maximum tip deflection for the full electrode configuration.
The use of leveraged bending allows the maximum actuator displacement to be increased
significantly by a factor of 2.32, but comes at the cost of an increase in actuation voltage by
a factor of 3.98.
Using a device with a half actuator electrode and the principle of leveraged bending
allows for the design of a capacitor that has an arbitrarily large tuning ratio. An example
of such a device is shown in Figure 6.3. In this configuration, a half actuator electrode
is used and a separate capacitance electrode is placed towards the tip of the beam and
is given an angled linear shape so that the edge of the beam just contacts the capacitance
electrode before pull-in. The device then starts with a finite capacitance defined by the beam
Figure 6.3: Capacitance electrode location and alternate actuator shape that reduces tuning
voltage for large tuning ratio design.
125
and capacitance electrode geometry with no applied actuation voltage. As the actuation
voltage is increased, the beam bends stably towards the capacitance electrode and this gap
distance approaches zero as the voltage approaches the pull-in voltage. The maximum tuning
capacitance would occur just before the beam contacts the capacitance electrode. Contact is
undesirable in this structure, for a functional device, as it produces a short circuit between
the beam and capacitance electrode. In this case, stops could be added in a functional
layout to prevent contact. These test structures are allowed to contact so the full-tuning
range can be characterized. For the device presented here, a half actuator electrode was used
from 0 ≤ x ≤ 700 µm, and the capacitance electrode is situated from 900 ≤ x ≤ 1400 µm.
With no actuation voltage applied, the actuator electrode has a uniform gap width of 7 µm
and the capacitance electrode gap width varies linearly from 4.23 µm at x = 900 µm to
7.20 µm at x = 1400 µm. Also included in Figure 6.3 is an alternate actuator electrode
shape that could be used to further decrease the pull-in voltage. By varying the gap so that
the gap distance is proportional to l4/3, a reduction in the tuning voltage of approximately
40% can be acheived with a similar maximum deflection. A larger maximum actuator gap
than shown here would be required for a similar amount of displacement. These principles
are discussed in a following section.
The capacitance change is shown in Figure 6.4. With no actuation voltage applied,
the initial capacitance is 0.00082 pF/µm. Initially, increasing the actuation voltage slowly
increases the capacitance. As the cantilever beam nears the capacitance electrode, the ca-
pacitance increases rapidly as the gap distance approaches zero. Just before pull-in, with
72.33 V applied, the capacitance is 0.04540 pF/µm, which results in a tuning ratio of 55.4:1.
The deflection at the cantilever tip is 7.10 µm at this voltage, which corresponds to a distance
between the cantilever and the capacitance electrode of approximately 0.10 µm.
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Figure 6.4: Capacitance as a function of actuation voltage for ideal large tuning ratio design.
6.2 Design
The ideal capacitor discussed in the previous section requires auxiliary supporting structures
in order for it to survive the fabrication process without suffering severe deformations as
discussed in Chapter 3. A layout drawing of the capacitor is shown in Figure 6.5. Three
metal structures can be seen in this figure including the actuator electrode, the capacitance
electrode and a large ground structure that the thin cantilever is anchored to. Also included
are two ports that are included to simplify testing using standard 150 µm pitch wafer probes.
A magnified view of the capacitance electrode is shown in Figure 6.6. The auxiliary
supporting structures can be clearly seen in this image. This includes a periodic widening
of the beam and triangular voids, which increase the rigidity of the thin PMMA wall that
defines the air gap during processing. They also assist in etching the seed layer by allowing
the etchant to more freely move into the narrow gaps. Also shown are small anti-stiction
bumps attached to the actuator and capacitance electrodes that limit the contact area so
that stiction does not occur during fabrication or device operation. Although necessary
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Figure 6.5: Layout drawing of leveraged bending capacitor design.
Figure 6.6: Magnified view of capacitance electrode.
for device operation, these auxiliary structures limit device performance by reducing the
maximum capacitance and therefore reducing the capacitance ratio.
The dimensions are very similar to the device in the previous section. The beam is 8 µm
wide and 1400 µm long. The actuator gap is 7 µm wide and 700 µm long. The capacitance
gap varies from 5.23 µm wide at x = 900 µm to 8.20 µm at x = 1400 µm. It was increased in
width by 1 µm so that the beam just contacts the anti-stiction bumps before pull-in, which
protrude 1 µm from the electrodes. The anti-stiction bumps are placed at a maximum
distance of approximately 60 µm apart. The triangular voids are spaced 100 µm apart and
are 10 µm wide closest to the beam and expand to 30 µm wide over a distance of 100 µm.
The beam widens periodically every 100 µm to a width of 24 µm over a 16 µm length. Also
shown in Figure 6.5 is a 30 µm rounding radius where the beam connects to the large ground
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structure. This is included to reduce stress at the attachment point during actuation.
This device was simulated using ANSYS Multiphysics electrostatic-structural coupling
to obtain the mechanical bending and capacitance change characteristics, as well as Ansoft
HFSS to obtain the high frequency electomagnetic characteristics. The capacitor was mod-
elled on a 1 mm thick alumina substrate with a 3 µm titanium seed layer and 100 µm of
electroplated nickel with material properties as discussed in Chapter 2. The impedance of the
device, as a function of frequency, with no applied actuation voltage is shown in Figure 6.7
and the capacitance change, as a function of voltage, is shown in Figure 6.8.
Figure 6.7: Simulated impedance of 100 µm tall nickel, as drawn, leveraged bending capacitor
as a function of frequency with no applied actuation voltage.
The reactance of the device varies from 241.0 Ω to 43.0 Ω from 3 to 10 GHz and the
resistance varies from 0.62 Ω to 2.22 Ω over the same span. This corresponds to Q-factor
values ranging between 391.9 and 19.3. If the reactance is converted to capacitance, the
capacitance values are much higher than predicted by ANSYS electrostatic-structural simu-
lation, which is shown in the lower curve of Figure 6.8. This is expected since the ANSYS
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Figure 6.8: Capacitance as a function of actuation voltage for 100 µm tall nickel, as drawn,
leveraged bending capacitor. Lower curve shows simulated gap capacitance change and upper
curve shows capacitance change with added parasitics at 6 GHz.
simulations only determine the gap capacitance, where as the HFSS simulations are full 3-D
electromagnetic simulations that take into account the gap capacitance as well as other high
frequency parasitic effects in the device. To model the capacitance change at a particular
frequency, the parasitics determined by HFSS can be added to the gap capacitance predicted
by ANSYS. The simulated tuning range of the capacitor at 6 GHz is shown in the upper
curve of Figure 6.8.
ANSYS electrostatic-structural simulations predict a capacitance change from 0.070 pF
to 0.493 pF over a tuning span of 78.55 V. This corresponds to a capacitance ratio of 7.0:1.
The tip deflection just before pull-in is 7.10 µm which results in a distance of approximately
0.10 µm between the cantilever beam and the anti-stiction bumps. the actuation voltage has
been increased from the ideal case due to the triangular voids which reduce effective area
and the periodic beam widening which stiffens the beam.
The parasitic capacitance at 6 GHz was determined to be 0.177 pF, which is the dif-
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ference between the simulated gap capacitance and the capacitance extracted from full 3-D
electromagnetic simulations. If these effects are taken into account, the capacitance changes
from 0.247 pF to 0.670 pF over the same voltage range. This corresponds to a tuning ratio
of 2.71:1. The reactance changes from 107.4 Ω to 39.6 Ω and the Q-factor varies from 101.5
to 37.5 Ω based on a resistance of 1.06 Ω.
6.3 Fabrication
The variable capacitor structures were fabricated using the LIGA process at the Institute
for Microstructure Technology (IMT) at the Karlsruhe Institute for Technology (KIT). An
overview of a 100 µm tall nickel capacitor is shown in Figure 6.9. The layout is identical to
the layout discussed in the previous section. A magnified view of the left most portion of the
capacitance electrode is shown in Figure 6.10. In this figure, the capacitance electrode can
be seen as well as a triangular void in the electrode in the far right of the image. Also in the
figure is the capacitance gap, which contains the small 1 µm anti-stiction bumps that are
attached to the capacitance electrode. The cantilever beam is also seen including one of the
periodically widened sections. Figure 6.11 is an inclined view of the portion of the cantilever
Figure 6.9: SEM overview of 100 µm tall nickel leveraged bending capacitor.
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Figure 6.10: Detailed view of a section of the capacitance electrode, capacitance gap, can-
tilever beam and 1 µm anti-stiction bumps.
Figure 6.11: Inclined view of portion of cantilever beam between the actuator and capaci-
tance electrodes.
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beam between the actuator and capacitance electrodes. The smooth nickel sidewalls can be
seen in this figure as well as the rough top nickel surface. Figure 6.12 is a highly magnified
view of the bottom of the actuator gap. The actuator is seen on the left of the figure and the
cantilever beam is shown on the right. Also visible is the rough oxidized titanium seed layer
shown in the bottom of the figure. A line signifying the boundary between the lower glue
layer and the upper resist foil is clearly seen on the actuator electrode and also noticeable
on the cantilever beam. The thickness of the glue layer based on the figure appears to be on
the order of 10 µm.
Figure 6.12: Bottom of actuator gap showing actuator electrode (left), cantilever beam
(right) and oxidized titanium seed layer surface (below).
To fabricate the capacitor structures a 1 mm alumina (Al2O3) ceramic substrate was
sputtered with 3 µm of titanium to be used as the electroplating seed layer. The surface
of the titanium is then oxidized to Ti/TiOx using a heated solution of sodium hydroxide
(NaOH) and hydrogen peroxide (H2O2) diluted in water. This roughens the surface for an
effective bond with the glued resist foil. A 150 µm PMMA resist foil is then glued and
pressed to the roughened seed layer using a viscous cast resin [12] with properties similar to
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the resist foil once hardened.
The resist foil was then exposed to X-rays through a titanium membrane X-ray mask.
The exposure was performed at the 2.5-GeV ANKA synchrotron on beamline Litho-2 which
incorporates a water cooled nickel coated mirror with a grazing incidence angle of 4.85 mrad
to cut off the highest energy photons. Immediately following exposure, megasonic-supported
development was performed for 150 min in GG developer at room temperature. The titanium
seed layer was then used as a conductive base for 100 µm tall nickel sulfamate microelectro-
plating. The plating area was 357 mm2 and the plating current was 1.0 A/dm2 for a duration
of 8 h and 20 min. The remaining resist on the sample was removed by flood exposing the
sample and another step of development. The titanium seed layer is then etched in 1% HF
for approximately 6 minutes, which electrically isolates the structures, and etches under the
thin beam, releasing if from the substrate, while still maintaining good adhesion of the larger
metal parts.
Fabricated structure dimensions vary considerably from layout values, which is common
as dimensions change from layout to intermediate mask, intermediate mask to working mask,
and again from working mask to sample. On average, for this particular sample, the thin
beams were found to increase in size by approximately 1.6 µm, while the small gaps were
found to decrease in size by the same amount from layout to finished device. For the specific
device tested in the following section, measurements show a beam width of 9.53 µm, an
actuator gap of 5.47 µm, a small capacitance gap of 3.72 µm at x = 900 µm and a large
capacitance gap of 6.52 µm at x = 1400 µm. This compares to an 8 µm beam width, 7 µm
actuator gap, 5.23 µm small capacitance gap and 8.20 µm large capacitance gap on the
layout.
6.4 Test Results
The fabricated device described in the previous section was tested in the same manner
as the pull-away style variable capacitors discussed in Chapter 3. The static impedance
measurements for the device, from 3 to 10 GHz, with no applied actuation voltage (0 V), are
shown in Figure 6.13. The resistance of the device varies from approximately 0.7 Ω at 3 GHz
to 2.3 Ω at 10 GHz. These resistance values are similar to the nickel capacitors presented
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Figure 6.13: Measured and simulated static impedance results for nickel leveraged bending
variable capacitor with no applied actuation voltage (0 V).
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in Chapter 3, as expected. The reactance varies from approximately 215 Ω at 3 GHz to
35 Ω at 10 GHz which corresponds to a Q-factors from approximately 300 to 15 across the
same frequency range. The frequency at a reactance of 50 Ω is 8.8 GHz (0.36 pF) and the
resistance is 1.9 Ω corresponding to a Q-factor of 26.
The tuning characteristics of the device at 6 GHz is shown in Figure 6.14. This frequency
was chosen as it results in a reactance change from approximately 100 to 50 Ω, instead of the
approximately 50 Ω and up as in the pull-away variable capacitor case. At this frequency,
the capacitance changes from 0.27 to 0.50 pF over a voltage span of 0 to 63.1 V. This
Figure 6.14: Measured and simulated tuning characteristics for nickel leveraged bending
variable capacitor at 6.0 GHz.
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corresponds to a tuning ratio of 1.9:1. The Q-factor varies from approximately 90 to 38 as
the tuning voltage is increased. The simulation results using bulk material properties predict
a larger tuning voltage (68.5 V) than the measured voltage similar to the pull-away variable
capacitor case. The tuning ratio is significantly smaller than predicted by simulations with
ideal dimensions (2.7:1), as the dimension change causes the capacitance electrode and the
beam to no longer line up just before contact is made. Simulations show that as contact is
made with the first anti-stiction bump at the leftmost part of the capacitance electrode, the
gap between the beam and the anti-stiction bump at the rightmost part of the capacitance
electrode is approximately 1.1 µm. This could be improved in future designs by simply
modifying the capacitance electrode angle in the layout.
In the chapter following, the Young’s modulus of this nickel sample was experimentally
determined to be 186.2 GPa. Figure 6.15 shows the tuning characteristic if this value is
used for simulation instead of the bulk value of 207 GPa. The simulated tuning voltage with
E = 186.2 GPa is 64.9 V, which differs by only 3% from the measured value.
Figure 6.15: Measured and simulated tuning characteristic for nickel leveraged bending
variable capacitor at 6.0 GHz. Simulated results use an experimentally determined Young’s
modulus of 186.2 GPa instead of the bulk value of 207 GPa.
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6.5 Reducing Actuation Voltage by Adjusting Gap Shape
6.5.1 Introduction
As shown in the previous sections, the use of leveraged bending has significantly increased
actuator displacement, but has also significantly increased the required actuation voltage.
In this work [110], a method is presented that can be used in future designs to reduce the
required actuation voltage and still maintain the required displacement by adjusting the
shape of the gap between the beam and the attracting electrode.
In [116], the authors suggest that varying the gap distance along the length of the beam
could be considered to lower actuation voltage, however what particular shapes these gaps
should have is not discussed. In [117], the authors present curved electrode cantilever elec-
trostatic actuators with large curvature (n ≥ 2) capable of very large deflection, but these
designs require that either a dielectric insulator or stand-off bumper structures be placed
between the beam and the attracting electrode. The beam must contact these structures
as deflection occurs, which may not be possible or desirable. Other designs with variable
geometry have been presented [118,119], but not with the intention of finding specific shapes
to reduce the actuation voltage for a given required displacement.
6.5.2 Problem Description
As discussed previously, vertically oriented (lateral) beams that are perpendicular to the
substrate, as shown in Figure 2.2 on page 29, are particularly well suited for realization
using DXRL and the LIGA process. One possible advantage to beams oriented in this
fashion is that the profile of the gap (the “gap shape”) can be easily controlled since it is a
feature on the mask. This is considerably more difficult in the planar case, where complex
processing steps would be required.
Profile views of the two different beam cases are shown in Figure 2.3 on page 30. This
study involves adjusting the shape of the gap (d) as a function of the distance along the
beam (x), in order to minimize the actuation voltage for a given required displacement.
Beam shapes remain rectangular and as thin as possible to minimize pull-in voltage, but
the profile of the gap is changed. Using finite element analysis with the software package
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ANSYS Multiphysics, which was verified previously, it is shown that by changing the gap
profile, the applied voltage can be reduced and still yield the same displacement.
For this work, a representative problem is described and the gap shape modified to reduce
the pull-in voltage. The sample problem features dimensions and material properties similar
to that found in other devices in this work. Both a cantilever and a fixed-fixed beam with
common dimensions and material properties are investigated. A list of the important values
is given in Table 6.2.
Table 6.2: Sample problem parameters.
Young’s Modulus (E) 169 GPa
Poisson’s ratio (ν) 0.32
Height (h) 100 µm
Length (l) 1000 µm
Width (w) 10 µm
Minimum Gap (dmin) 1 µm
Required Displacement 2 µm
For both beam types, Young’s modulus is 169 GPa, Poisson’s ratio is 0.32, the height is
100 µm, the length is 1000 µm (1 mm) and the beam width is 10 µm. The minimum gap is
1 µm, which is assumed to be a limitation of the process for achievable aspect ratios. The
required displacement is 2 µm, therefore some part of the beam must move at least 2 µm
from its original position. For the cantilever configuration, this is likely to be the beam
tip, and for the fixed-fixed configuration, the middle of the beam. This value was chosen
as being a reasonable amount of deflection, suitable for many applications, but without
unreasonably large actuation voltages. For all models, an initial element size of 0.5 µm was
used in the simulations. This was chosen since, in general, the models increase in size over
the verification case discussed in Chapter 2.
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6.5.3 Required Displacement Constant Gap Case
In this section the gap is increased until the required displacement of 2 µm is achieved
before pull-in. This case is also depicted in Figure 2.3 on page 30 with d(x) equal to the
constant value required for 2 µm of stable deflection before pull-in. The results are shown in
Table 6.3. For the cantilever beam case, the gap width required is 4.56 µm with an actuation
voltage of 23.66 V. For the fixed-fixed beam case, the gap width required is 4.99 µm with an
actuation voltage of 178.26 V. These results also agree well with the theoretical equations
with a maximum difference of 1.24% for the cantilever case and 1.75% for the fixed-fixed
case. The results of this constant gap case are compared against the results obtained by
varying the gap shape to determine the extent of the decrease in pull-in voltage.
Table 6.3: Constant gap case results (required 2 µm displacement).
Beam VPI [V] Gap Width VPI [V] VPI [V]
Configuration (d) [µm] Osterberg Chowdhury
Closed-form Closed-form
[53,54] [59, 60]
Cantilever 23.66 4.56 23.53 (0.55%) 23.37 (1.24%)
Fixed-Fixed 178.26 4.99 175.20 (1.75%) 175.43 (1.61%)
6.5.4 Gap Profiles with Maximum Voltage Reduction
Only the gap profiles in [110] with the maximum reduction in actuation voltage are presented
in this section. Complete results and a more thorough presentation can be found in [110].
Cantilever Beam with a Polynomial Gap Profile
For the cantilever beam case, the maximum voltage reduction of the profiles tested was found
with an nth-order polynomial function. The gap shape varies according to Equation 6.1. This
equation holds except for the regions where this yields gaps smaller than the minimum gap
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(dmin). In these regions the gap is set to dmin.
d(x) = dmax
(x
l
)n
(6.1)
The cantilever beam polynomial gap case is shown in Figure 6.16 with n > 1. In ANSYS,
these curves are implemented as piecewise linear segments with the x-axis divided into pieces
of 10 µm length. For each value of n, the maximum gap (dmax) was increased until 2 µm
of deflection was acheived and the effect on the pull-in voltage was observed. Table 6.4 lists
pull-in voltages with the corresponding values of n. This data is plotted in Figure 6.17.
Figure 6.16: Cantilever beam with polynomial gap profile.
In Table 6.4 and Figure 6.17, the value for the linearly varying gap case is included as
well, which corresponds to n = 1. The pull-in voltage for a linearly varying gap is 14.86 V,
which corresponds to a 37.2% reduction from the constant gap case of 23.66 V. The lowest
actuation voltage is obtained using a value of approximately n = 1.3333. At this point,
the pull-in voltage is 14.14 V, which corresponds to a 40.2% reduction from the constant
gap case. Values of n > 1 give rise to lower pull-in voltages than the n = 1 case up until
approximately n = 1.6, where the values become larger than the n = 1 case.
The beam displacement profiles just before pull-in are shown in Figure 6.18. Three
different beam profiles are based on the three different gap shapes, which include the constant
gap, linear gap, and the n = 1.3333 polynomial gap case. The deflection based on the
polynomial gap shape has the largest average displacement followed by the linear gap shape
and then the constant gap shape.
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Table 6.4: Polynomial order and corresponding pull-in voltage for cantilever beam with a
required 2 µm of displacement.
n VPI [V] Gap Width
dmax [µm]
1.0000 14.86 4.84
1.1666 14.26 5.17
1.2916 14.15 5.55
1.3333 14.14 5.69
1.3750 14.22 5.88
1.5000 14.43 6.49
1.6666 14.97 7.57
Figure 6.17: Pull-in voltages for cantilever beam polynomial gap case.
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Figure 6.18: Cantilever beam displacement profile.
Fixed-Fixed Beam with a Linear Profile and a Flattened Bottom
For the fixed-fixed beam case, the maximum voltage reduction of the profiles tested was
found with a linear profile and a flattened bottom. The beam profile for this case is shown
in Figure 6.19.
For each value of dflat, the value of dlinear was varied until 2 µm of stable deflection was
obtained before pull-in. The value of dflat was increased starting from y = −6.57 µm, which
is the value required for 2 µm of deflection when dflat = dlinear, or the linear case without
a flattened bottom. The results are shown in Table 6.5 with the first row being the linear
case without flattened bottom.
For this case, the actuation voltage is 125.48 V, compared to 178.26 V for the constant
gap case, which results in a reduction of 29.6%. The “percentage of triangle removed” column
gives the amount the triangle bottom was flattened and is defined as ((dlinear−dflat)/dlinear)×
100%. Viewing these results in Figure 6.20, it is clear that a further reduction in pull-in
voltage is possible with a minimum value of 123.94 V, which corresponds to a flat distance of
5.20 µm and a linear distance of 6.65 µm. This ratio results in a triangle with approximately
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Figure 6.19: Fixed-fixed beam with linearly varying beam profile and a flattened bottom.
Table 6.5: Linearly varying gap with flattened bottom case results (required 2 µm displace-
ment).
Flat Distance Linear Distance % Of Triangle VPI [V]
dflat [µm] dlinear [µm] Removed [%]
6.57 6.57 0.0 125.48
6.00 6.57 8.7 125.12
5.50 6.59 16.5 124.41
5.25 6.63 20.8 124.02
5.20 6.65 21.8 123.94
5.15 6.66 22.7 123.97
5.125 6.67 23.2 123.98
4.99 6.75 26.1 124.21
4.875 6.85 28.8 124.74
the lower 22% flattened. This gives a reduction in required actuation voltage of 30.5% over
the constant gap case.
The beam displacement profiles for the constant gap case, linear gap without flattened
bottom and for the minimum voltage case (dflat = 5.20 µm) is shown in Figure 6.21. Larger
average displacements are seen in the modified gap shape cases over the constant gap shape.
Also, the average displacement of the beam with the flattened bottom is slightly lower than
the linear gap case, which is due to the increase in dlinear.
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Figure 6.20: Pull-in voltages for fixed-fixed beam linear gap with flattened bottom case.
Figure 6.21: Fixed-fixed beam displacement profile.
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6.6 Summary
A variable capacitor with a significantly increased tuning ratio over the pull-away variable
capacitors has been presented. Using the principle of leveraged bending and placing the
capacitance electrode on the same side as the actuator electrode, allows the capacitance gap
to be fully tuned before the pull-in voltage occurs. In theory, this type of design is capable
of an arbitrarily large tuning range. However, auxiliary structures must be incorporated into
the design for successful fabrication, which significantly reduces the achievable tuning ratio.
A large nickel variable capacitor with 1.0 µm anti-stiction bumps was tested. The device
was found to have a 1.9:1 tuning ratio (0.27 to 0.50 pF) at 6 GHz and a tuning voltage of
0 to 63.1 V. The maximum achieved tuning ratio for the pull-away style variable capacitors
was 1.36:1 at the same frequency. The Q-factor with no applied actuation voltage at 6 GHz
is approximately 90. A significant increase in the tuning ratio would be possible by simply
changing the angle of the capacitance electrode in the layout. Also, gold structures are
expected to have significantly increased Q-factors, similar to the increase obtained in the
pull-away style variable capacitors.
Significant reductions in the actuation voltage of both cantilever beam structures and
fixed-fixed beam structures are possible by varying the geometry of the air gap while still
achieving a required actuator displacement. The finite element simulator ANSYS Multi-
physics has been used to determine both the pull-in voltage and the displacement of the
beams before pull-in occurs. Significant reductions in actuation voltage can be made while
still maintaining the required displacement by simply varying the gap profile in a linear
fashion. In the case of the cantilever beam, this results in the pull-in voltage being reduced
by 37.2% and for the fixed-fixed beam case the reduction is 29.6%. Slightly more compli-
cated shapes can provide a further reduction in pull-in voltage. For the cantilever beam,
a polynomial (n = 4/3) shape provides a reduction in actuation voltage of 40.2% and by
flattening the bottom of the linearly varying gap in the fixed-fixed beam case, a reduction
in the actuation voltage of 30.5% can be obtained. These simple electrode shapes, while not
necessarily optimal, provide significantly large reductions in pull-in voltage, while still main-
taining the same maximum beam displacement. In addition, the average beam displacement
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has increased, which can be important in applications such as RF MEMS variable capacitors.
Further reductions obtained from optimal electrode shapes are believed to be minimal.
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7. VM-TEST: Mechanical Property Measurement
7.1 Introduction
In this chapter VM-TEST is presented [109], which is a set of test structures and a cor-
responding method that allows for the determination of important mechanical parameters,
namely Young’s modulus [E] and the residual stress [σ0]. The extraction of mechanical pa-
rameters from fabricated structures is important as it strengthens the connection between
simulation and fabrication when developing dynamic MEMS devices. VM-TEST is an ex-
tension of the M-TEST system [53,54], which was developed for thin planar layers, into the
vertical dimension for thicker layers as often seen in high aspect ratio processing techniques.
The method uses electrostatically actuated cantilever and fixed-fixed beams and the
pull-in phenomena associated with this actuation type. At a certain sharp voltage called the
pull-in voltage the electrostatic force overcomes the mechanical restoring force and the beam
collapses spontaneously closing the remaining gap distance. This voltage can be determined
solely from the geometry of the structure and the structure’s material properties. If the
geometry can be accurately determined, then the material properties can be accurately
extracted from pull-in voltage measurements. The following sections outline the development
and testing of this system using both nickel and gold test structures.
7.2 Background
Typical planar MEMS cantilever and fixed-fixed beams are shown in Figure 2.1 on page 28.
The thin beam structures are suspended over a larger ground plane and are separated by a
thin dielectric spacer that also defines the air gap dimension. A DC bias voltage is applied
between the beam and the ground plane, which causes a separation of charge between the
two. This charge separation creates an electrostatic force that deflects the thin movable
beam towards the fixed ground plane. The beam deflects stably until the pull-in voltage
is reached, at which, the beam spontaneously deflects the remaining distance and collapses
onto the ground plane. This pull-in voltage is defined entirely by the geometry and material
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properties of the beam and by the air gap distance.
M-TEST is a test chip for MEMS material property measurement using elecrostatically
actuated test structures for planar, silicon based MEMS fabrication. These structures were
designed to meet the emerging need for MEMS process monitoring and material property
measurement at the wafer level during both process development and manufacturing [54].
This test is analogous to the electrical MOSFET test structures that are often called E-TEST
and are used to extract MOSFET device parameters. The principle behind M-TEST is the
electrostatic pull-in phenomena of certain test structures, namely cantilever beams, fixed-
fixed beams, and diaphragms. Beams of different lengths and diaphragms with different
radius are fabricated to improve accuracy. Accurate measurements of the pull-in voltage for
the devices are combined along with accurate geometry measurements and, based on these
findings, the mechanical properties can be extracted. In this fashion, precise sets of material
properties have been produced for planar silicon test structures with ±4% accuracy [54].
These planar structures can be oriented in the vertical direction as shown in Figure 2.2 on
page 29 to determine the material properties of high aspect ratio structures fabricated in thick
materials. Vertical structures such as these can be fabricated using various micromachining
technologies, but are particularly well suited for realization using the LIGA process [10,85],
due to the high aspect ratio requirements of the beams and gaps. These vertical beam
structures operate under similar principles as the planar structures. One significant difference
is that the ground (fixed) electrode is normally the same size (height) as the beam, but in
the planar case the ground plane is modeled as extending out from the beam and can be
considered to be infinite. For beams and gaps with high aspect ratios the practical difference
between the two is minimal since the fringing field contribution is generally small. The
magnitude of the difference is investigated in Section 7.4.
M-TEST is based on a set of closed-form equations that were fitted to a database of
pull-in voltages created using a 2-D distributed model. These equations predict the pull-
in voltage of cantilever beams, fixed-fixed beams and diaphragms with arbitrary geometry
and material properties. The equations for cantilever and fixed-fixed beams are given in
Equations 2.9 and 2.10 respectively on page 34, and are slightly modified from [53, 54] to
represent the vertical rather than planar orientation of the beams.
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Equations 2.9 and 2.10 correspond to the variables shown in Figure 2.2 on page 29, where
h is the beam height, l is the beam length, w is the beam width and d is the air gap distance.
The equations are simplifications of the general case given in [53,54] and assume there is no
residual stress present in the beams. In addition, the equations are only valid in the small
deflection regime (linear elastic mechanics) which is valid for d/w ≤ 1 ( [58]).
In [59, 60] the authors have developed pull-in voltage equations for both cantilever and
fixed-fixed beams using a VLSI on-chip interconnect capacitance model. The author claims
the accuracy of these equations is better when compared to other published models including
the equations developed in M-TEST. The pull-in voltage equations adapted from [59, 60]
are given in Equations 2.11 and 2.12 for cantilever and fixed-fixed beams respectively and
are found on page 34. Here residual stress is included and there is no limitation to small
deflections. The equations apply to all structures encountered in this work. For cases with
extreme fringing fields or gaps much larger than beam width, the general equations are given
in [59,60].
From [56], for short beams (h < 5w), the effective modulus, E˜, is equal to Young’s
modulus, E, and the effective residual stress, σ˜, is equal to the residual stress, σ0. For tall
beams, (h ≥ 5w), the effective modulus becomes the plate modulus, E/(1− ν2), where ν is
Poisson’s ratio and the effective residual stress becomes σ0(1 − ν) [54]. All beams featured
here are considered tall.
7.3 Test Structures and Fabrication
Test structures for material property determination in thick metal MEMS processes have
been developed and fabricated using the LIGA process. The challenge in adapting these
structures to high aspect ratio devices lies in the fact that long beams and adjacent electrodes
usually suffer severe deformations during the development and/or electroplating process, as
discussed in Chapter 3, and shown in Figure 7.1.
This figure is a top view depicting the deformation of the narrow and tall (150 µm)
PMMA beams intended to define the air gaps during the subsequent electroplating step in the
fabrication of device f4 from the pull-away style variable capacitor mask. To overcome this,
these beams require additional support structures, as discussed in Chapter 3, that help to
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Figure 7.1: Deformation of thin PMMA walls during the development process. Top view of
pull-away variable capacitor f4 in 150 µm of PMMA, with PMMA being the light coloured
material.
increase the rigidity of the narrow PMMA walls, minimizing deformations during processing.
These non-ideal structures still allow the pull-in phenomena, but since the geometry has been
modified by including additional features, the pull-in voltage equations, as presented, are not
accurate and corrections are necessary.
An overview of the test structure layout is shown in Figure 7.2. Included are 16 fixed-
fixed beam structures found in the left two columns and 16 cantilever beam structures found
in the right two columns. The 16 structures of each beam type have different beam lengths,
which increases accuracy. In [53] it is recommended that at least 10 different lengths of each
beam type should be included to ensure enough pull-in data points for a robust curve-fitting
scheme.
Figures 7.3 and 7.4 are SEM overview images of fabricated cantilever beam and fixed-
fixed beam structures. Each test structure is composed of two metal pieces, an actuator
electrode and a ground electrode. In this case, the narrow vertical beam is connected to the
ground electrode. The devices are designed to be tested using standard 150 µm pitch ground-
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Figure 7.2: Test structure layout. Left two columns are 16 fixed-fixed test structures with
varying lengths and right two columns are 16 cantilever test structures with varying lengths.
signal-ground (G-S-G) wafer probes and the probe ports are indicated in Figures 7.3 and 7.4.
During actuation, a variable DC voltage is applied to the actuator electrode and the beam is
grounded. The polarity of the DC voltage is reversed from that shown in Figure 2.1 (page 28)
and Figure 2.2 (page 29), but device operation is unaffected.
The nominal length of the beams is 500 µm to 1250 µm in 50 µm steps for the cantilevers
and 1000 µm to 2500 µm in 100 µm steps for fixed-fixed beams. The nominal beam width
is 8 µm and the nominal air gap distance is 7 µm. These values were chosen with the
understanding that the beam width of fabricated structures would be slightly larger and
the air gap distance of fabricated structures would be slightly smaller than the nominal
dimensions due to inaccuracies in the fabrication process. Provided the residual stress is
low, this set of dimensions restricts pull-in voltages to less than 200 V for the set of metals
of interest (gold, copper, and nickel).
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Figure 7.3: Top view of cantilever beam test structure. 100 µm tall nickel device with 500 µm
beam length.
Figure 7.4: Top view of fixed-fixed beam test structure. 100 µm tall nickel device with
1000 µm beam length.
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Figures 7.5 and 7.6 are detailed views of the beam attachment point where the thin beam
connects to the larger ground structure. This connection has been rounded with a radius
of 30 µm as shown in Figure 7.5, in order to reduce the stress at the attachment point
during actuation. Also visible in Figures 7.5 and 7.6 are the triangular voids which add
structural support for the thin PMMA wall and reduce deformations during development
and electroplating processes [50]. These triangular voids also assist in the etching process by
allowing the etchant to more freely move into the narrow gaps. The spacing between voids
is 50 µm and the first void is placed 25 µm from the edge. The triangles are 10 µm wide
closest to the gap and expand to 30 µm wide over a distance of 75 µm. Also shown are
anti-stiction bumps which project out from the surface a distance of 1 µm. These bumps
are included to prevent the thin beams from sticking after they collapse onto the actuator
electrode. This collapse can occur while drying after the etch process, or when the pull-in
voltage is exceeded during testing.
Fabrication of these structures was performed using the LIGA process at the Institute
for Microstructure Technology (IMT) at the Karlsruhe Institute for Technology (KIT). A
sample is prepared by first sputtering a 1 mm thick alumina wafer with 3 µm of titanium
Figure 7.5: Detailed top view of attachment point of 100 µm tall nickel test structure.
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Figure 7.6: Inclined view of attachment point of 100 µm tall nickel test structure.
that initially acts as an electroplating seed layer. This titanium seed layer is oxidized to
increase the adhesion of the 150 µm thick PMMA (GS 233) photoresist foil that is glued on
top of it. These samples were exposed to X-rays using the 2.5 GeV electron storage ring
ANKA and the bending magnet beamline Litho-2. The X-rays pass through an X-ray mask
featuring 20 µm thick gold absorbers on a 2.7 µm thick titanium membrane. The bottom
dose deposition was set at 3.5 kJ/cm3. Following exposure, the exposed areas are developed
using megasonic-supported GG developer at room temperature for 2.5 hours. The titanium
coating on the wafer is then used as a plating base and the voids are filled to a height of
100 µm with electroplated nickel or gold. To remove the remaining PMMA resist, the sample
is flood exposed, then given another step of development. Finally, the titanium coating is
etched for approximately 6 minutes in 1% HF acid. This etch step acts as a time-controlled
sacrificial layer that releases the thin beams from the substrate and electrically isolates the
metal structures, but still maintains good adhesion of the larger metal parts.
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7.4 Analysis of Difference in Pull-in Voltage between Ideal Beams and Fabri-
cated Beams
As mentioned in the previous section, Equations 2.11 and 2.12 (page 34) are not sufficient
to describe the pull-in voltage for the fabricated structures with the additional features
highlighted in Figure 7.5. What is required is a method to determine the difference in pull-
in voltage between the ideal case (for which the equations hold) and the fabricated structures.
The values measured using the fabricated structures can then be scaled to ideal case values
where the given equations can be used.
The analysis was performed using both 2-D and 3-D FEM simulations using ANSYS
Multiphysics. A representative set of fabricated structures, as well as the ideal counterpart
structures, were independently analyzed using ANSYS for each type of feature deviation from
the ideal case. The parameters of the test set are listed as follows: beam types (cantilever,
fixed-fixed); beam lengths (longest, shortest); beam widths (9 µm, 10 µm); gap widths
(5 µm, 6 µm); material properties ({E = 75 GPa, ν = 0.45}, {E = 200 GPa, ν = 0.30}).
This results in a test set composed of 16 cantilever beam structures and 16 fixed-fixed beam
structures, which is meant to encompass the range of dimensions observed in fabricated
structures.
The results from these simulations form a database and given the measured dimensions of
a particular structure, the change in pull-in voltage from the ideal case can be interpolated. It
should be noted that none of the changes were found to be dependent on material properties,
which is important since these are the parameters we are trying to identify. Also the pull-in
voltage of a fabricated structure can be smaller or larger than the ideal structure depending
on structure type and dimensions.
To implement this in ANSYS, the beam is created and meshed with rectangular structural
elements of type 82 (95 for 3-D) with the plane strain option turned on since the beam is tall
and the plate modulus should be used. The beam and stationary electrode are surrounded
by an air box which is meshed with rectangular electrostatic elements of type 121 (123 for
3-D). The stationary electrode does not receive mesh since the interior of it is neither a
structural element nor an electrostatic element. The material properties are defined and
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structural constraints are placed on the beam. Nonlinear geometry effects are turned on
using the NLGEOM command. The beam has 0 V applied to it and the stationary electrode
has the input voltage applied to it. Structural and electrostatic physics files are written and
a coupled analysis is performed using the ESSOLV macro.
To verify the performance of the ANSYS simulator in obtaining accurate pull-in voltages,
the results obtained from ANSYS for the ideal cases were compared to the results from the
pull-in voltage equations given is Chapter 2. On average, for the complete test set, the
ANSYS results agree with the pull-in voltage equations to a percentage difference of less
than 2%. In the following sections, each type of feature deviation from the ideal case will be
discussed and the magnitude of the effect on the pull-in voltage will be given.
7.4.1 Rounded Attachment Points (2-D Analysis)
The first difference investigated is the rounded attachment point included on the fabricated
structures shown in Figure 7.5. This 30 µm rounding has the effect of making the beam
less rigid and decreasing the pull-in voltage. Two-dimensional analysis was chosen since the
rounding is consistent throughout the height of the structure. In all test set geometries,
the rounded structures showed a reduction in pull-in voltage. The pull-in voltage change
was weakly dependent on gap width and strongly dependent on beam length. For short
cantilevers the reduction varied from 4.24 to 4.35% and for long cantilevers the reduction
varied from 1.66 to 1.74%. For short fixed-fixed beams the reduction varied from 4.21 to
4.52% and for long fixed-fixed beams the reduction varied from 1.71 to 1.83%.
7.4.2 Anti-stiction Bumps (2-D Analysis)
Small anti-stiction bumps (in this case approximately 2 µm wide and 1 µm long) were in-
cluded to reduce the surface area during contact, which also effectively reduces the gap width
and decreases the pull-in voltage. The reduction in pull-in voltage was weakly dependent
on both the gap width and beam length. For cantilevers, the pull-in voltage was reduced
between 1.85 and 2.57% and for fixed-fixed beams the reduction was between 1.87 and 2.24%.
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7.4.3 Triangular Electrode Voids (2-D Analysis)
The triangular voids added into the actuator electrode reduce the surface area, which in-
creases the pull-in voltage. Electrode void widths of both 8 µm and 10 µm were simulated to
determine the increase in pull-in voltage. It was found that the increase in voltage is weakly
dependent on both gap width and beam length. For 8 µm voids, the cantilever beam pull-in
voltage was increased between 3.50 and 4.73% and the fixed-fixed beam pull-in voltage was
increased between 4.30 and 4.79%. The larger void width led to larger pull-in voltages as
expected. For 10 µm voids, the cantilever beam pull-in voltage increased between 6.09 and
6.86% and the fixed-fixed beam pull-in voltage was increased between 6.29 and 7.12%.
7.4.4 Non-infinite Ground Plane (3-D Analysis)
As mentioned in Section 7.2, the theoretical equations given for the pull-in voltage are
appropriate for planar structures situated over an infinite ground plane. For the high aspect
ratio structures presented here, the electrode and the beams have approximately the same
size. This will cause a slight increase in the pull-in voltage as the fringing fields will be
weaker than in the infinite ground plane case. Using full 3-D analysis, the magnitude of the
difference was investigated on 100 µm tall structures. The change in pull-in voltage varies
with structure height since the fringing contribution decreases with an increase in structure
height. In this case, 2-D analysis is not adequate since it neglects the fringing effects along
the top and bottom of the beam. The increase in pull-in voltage was found to be weakly
dependent on gap width and beam length. For cantilever beams, the pull-in voltage increased
between 0.52 and 0.88% and for fixed-fixed beams the pull-in voltage increased between 0.29
and 0.87%.
7.4.5 Sidewall Verticality
In practice, the sidewalls of a structure cannot be made perfectly vertical and will have some
slope. If this slope is significantly large then the beams and gaps will not have a uniform
width and the above equation based on ideal structures will not be valid. However, one of
the advantages of the LIGA process is the abilty to produce tall, vertical structures. In [11],
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it is shown that structures with a variation in width of only 0.04 µm per 100 µm of height
can be fabricated. For the beam and gap widths discussed here, this amounts to less than
1% change in width from the top of the structure to the bottom of the structure and will
therefore be neglected.
7.5 Test Results
To determine the material properties of a set of electroplated structures, the following steps
need to be performed on a group of cantilevers or fixed-fixed beams:
1. Measure the dimensions of all structures in the test set. The dimensions include the
beam width, gap width, and possibly beam length. Also, the average void width for
each structure has to be determined.
2. Measure the pull-in voltage for each structure.
3. Convert the measured pull-in voltage values to ideal pull-in voltage values using the
database of simulation data.
4. Fit the ideal pull-in voltage values to Equation 2.11 or Equation 2.12 (page 34), for
cantilever beams or fixed-fixed beams respectively, and determine the material prop-
erties.
The beam length of each individual structure could be measured to improve the accuracy
of the material property extraction. Since the beams are quite long, the difference from the
layout is expected to be small and therefore the associated error will be small. Each test set
contains 10 beams per structure type as recommended in [53]. Fewer structures could be
used with a decrease in accuracy. Cantilever beams should only be used in the case of low
residual stress. For the structures presented here, known low stress electroplating processes
were used. In addition, the released beams showed no signs of warping and were nicely
centered. The results for both nickel and gold cantilever structures are shown in Tables 7.1
and 7.2 respectively.
The average beam width, gap width and void width were measured for both nickel and
gold cantilever beams ranging in length from 650 µm to 1100 µm using an optical microscope
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and imaging software. For beam width and gap width, 5 points along the length were
measured and the average was taken. For the void width, each void was measured and the
average was taken.
The pull-in voltage was measured by probing the structures with tungsten G-S-G wafer
probes (Cascade Microtech ACP40-W-GSG-150) connected to a DC power supply through a
series resistor (100 kΩ). The series resistor was included to limit the current produced when
the beam collapses after pull-in. The voltage was slowly increased by manually adjusting
the supply until current was detected in the circuit which signifies pull-in has occurred. It
is believed that the error associated with this technique is approximately ±0.1 V. More
accurate automated methods could also be employed to further reduce this error.
The measured pull-in voltage values were then converted to ideal pull-in voltage values
using the database of simulation results discussed in Section 7.4. This was performed by
interpolating the database to the fabricated device dimensions, which results in a percentage
change for each type of feature deviation from the ideal case. For all feature deviations,
the percentage changes are summed and the total is applied to the measured pull-in voltage
value giving the ideal pull-in voltage value. For the gold structures, the gap width and beam
width are outside of the database range and therefore the ideal pull-in voltage values had to
be extrapolated from the database. Ideal pull-in voltage values, corrected to average beam
and gap widths using Equation 2.11, are shown in Figures 7.7 and 7.8 for nickel and gold
test structures respectively.
To determine the material properties, a sum of least squares fitting scheme was used with
the ideal pull-in voltage values listed in Tables 7.1 and 7.2. The effective modulus E˜ was
varied and pull-in voltage values were calculated using Equation 2.11 until a minimum sum
of the squares of the errors was achieved. For fixed-fixed beams, both E˜ and σ˜ should be
varied. The least squares fit is shown in Figures 7.7 and 7.8 for nickel and gold respectively
using the average values for beam width and gap width. To extract E from E˜, values for
ν of 0.31 for nickel and 0.45 for gold were used [49]. This resulted in a Young’s modulus of
186.2 GPa for nickel and 60.8 GPa for gold.
For nickel, this is significantly smaller than the 207 GPa reported for bulk material [49],
but is within the range of values present in the literature for thick layers of electroplated
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Figure 7.7: Measured and fit data for nickel cantilever beams.
Figure 7.8: Measured and fit data for gold cantilever beams.
nickel from a sulfamate bath, which varies from 125 - 231 GPa, as shown in Chapter 1.
The Young’s modulus of the electroplated gold sample is also significantly smaller than the
78 GPa reported for bulk gold [49]. A lack of data exists for the mechanical properties of
electroplated thick gold layers, but this value is in the range reported for thin gold films
35 - 78 GPa [120], which also has a fairly wide range, but shows a general trend of values
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below that of bulk gold.
7.6 Summary
A simple, accurate, and relatively quick method to determine the mechanical properties
of thick metal layers using the pull-in voltage of electrostatically actuated test structures
has been developed. These structures were fabricated using the LIGA process and contain
unique features that minimize the deformation of the high aspect ratio beams during the
processing sequence. The inclusion of these features makes existing pull-in voltage equations
inaccurate and corrections are necessary. To analyze the differences between ideal beams
and these modified fabricated beams, both 2-D and 3-D finite element method simulations
were performed using ANSYS Multiphysics. Both nickel and gold devices were fabricated to
demonstrate the proposed approach. For each material, the pull-in voltage of 10 cantilever
beams was measured, then converted to ideal pull-in voltage values using the results from
ANSYS simulations. A sum of least squares fitting scheme was then used to extract the
material property values from the ideal pull-in voltage values. For the nickel structures, a
Young’s modulus of 186.2 GPa was obtained and for gold, the value was 60.8 GPa. Both
values are significantly smaller than values reported for bulk material, but fall within the
range of values reported in the literature.
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8. Conclusion
8.1 Summary and Conclusions
During the course of this work, several high aspect ratio, vertical, cantilever and fixed-
fixed beam actuators, fabricated from various metals, were demonstrated in various devices.
The potential applications of these actuators are widespread, particularly in the field of RF
MEMS. Microstructures fabricated using thick metal layers have potentially significant ad-
vantages including increased coupling capacitances from tall sidewalls as well as increased
power handling from thicker layers. Lower loss and dispersion are also possible due to the
separation of the electromagnetic fields from the substrate. Also, smaller “volume efficient”
devices could be achieved by trading lateral dimensions for vertical dimensions. This leads
to devices that operate at higher frequencies and appear more lumped at higher frequencies.
Smaller structures also lead to better integration from a systems point of view. These charac-
teristics allow them to be combined into lumped-element circuits such as filters and couplers,
which replace bulky transmission line versions, and were demonstrated in [5]. Placing ac-
tuator structures into these lumped-element versions would make them tunable and could
greatly increase their versatility. Also shown in this work was the ability to incorporate anti-
stiction measures (bumps) directly onto the mask layout. In planar fabrication processes,
this is significantly more complicated and typically requires an additional lithography step.
These bumps could also potentially be used as fine resolution contact surfaces in the case of
vertically oriented RF MEMS contact switches.
However, the fabrication of these structures is not trivial, as the aspect ratios found
in these tall actuators can be greater than 50:1. The thin beams and gaps, which run
laterally for hundreds of microns, and are required for electrostatic actuation at appropriate
voltage levels, are very difficult to fabricate without the addition of auxiliary supporting
structures into the layout and optimized fabrication processes. This work involves improving
the processing of these types of high aspect ratio actuators and utilizing them in novel
devices, examples of which include, RF MEMS variable capacitors and structures for the
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determination of mechanical material properties. The objectives of this research, as stated
in Chapter 1, are:
1. Fully realize the LIGA-MEMS pull-away style variable capacitors. This includes the
ability to actuate and test the tuning characteristics of the devices, which was not
possible in [19]. Investigate areas of the fabrication process that can be optimized
to eliminate or minimize the deformations that are present in the structures so that
smaller designs can be fabricated and tested. Also, investigate other materials that
can be utilized to increase the performance of the capacitors.
2. Investigate and implement a technique that can be used to realize LIGA-MEMS vari-
able capacitor structures with a larger tuning range. This includes the design of the
structure as well as the simulation, fabrication and testing of the device. Also inves-
tigate a method to reduce the actuation voltage required by these high aspect ratio
beam structures.
3. Develop a set of test standards that can accurately determine the important mechanical
material properties from an arbitrary electroplating process, which will improve the
feedback loop between simulation and fabrication.
Pull-away style, high aspect ratio, high Q-factor, RF MEMS variable capacitors have
been realized using deep X-ray lithography and electroplating in both large and small device
sizes and in both nickel and gold metal layers. Device operation and RF performance results
have been presented in [5,85]. These structures demonstrate, for the first time, that DXRL is
suitable for the fabrication of high performance RFMEMS devices with movable parts, due to
the ability to fabricate thick metal structures with precise features. The tall vertical structure
of these devices results in low loss and high performance, mainly due to the separation of
fields from the substrate and the use of thick metal layers. Q-factors as large as 214 at
3.5 GHz, 95 at 5.6 GHz and 39 at 7.4 GHz have been measured for a capacitor with a
0.57 pF nominal capacitance at 5.6 GHz. This same device features a 1.36:1 tuning ratio at
6 GHz and a tuning voltage of 7.8 V.
Fabrication of these devices is challenging as the fabricated capacitors feature very long
beams (> 1 mm) and narrow gaps (down to 1.3 µm) which results in high aspect ratios of
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approximately 115 in PMMA and 75 in electroplated metal. To successfully fabricate these
devices, certain optimizations had to be made to the fabrication process, some of which were
presented in [50]. It was found that only the devices with auxiliary supporting structures such
as periodic beam widening and triangular voids (resist relief) could be fabricated without
severe deformations. The most important optimization to the fabrication process was a
modified electroplating step, which allowed for electroplating at ambient temperatures. This
significantly reduced swelling effects as well as thermal expansion effects, which resulted in
structures with significantly reduced deformation.
In the pull-away style variable capacitors, it was found that the beams were suffering
from a phenomena called “stiction” during the etch release step as well as during operation.
This causes the beams to adhere to the adjacent electrodes. An analysis of the phenomena
and how it relates to this class of structures was presented in [86]. The critical dimensions of
structures as well as a critical dimension example was also presented. Based on these critical
dimensions, a method to eliminate stiction in this class of structures has been developed
based on a contact area reduction technique.
A variable capacitor with a significantly increased tuning ratio over the pull-away style
variable capacitors has been presented. These devices use the principle of leveraged bending,
which significantly increases the achievable beam displacement at the cost of an increase in
tuning voltage. A device with a tuning ratio of 1.9:1 at 6 GHz has been realized with high
Q-factors similar to the pull-away style variable capacitors. A significant increase in the
tuning ratio to approximately 2.7:1 would be possible by simply changing the angle of the
capacitance electrode in the layout.
To significantly reduce the actuation voltage in future designs, a FEM study on the
shape of the actuation gap for cantilever and fixed-fixed beams was performed and the
results have been presented in [110] and also in Chapter 6. In both beam types, varying
the gap profile in a linear fashion provided significant reductions in the required actuation
voltage. In the cantilever case, a polynomial (n = 4/3) shape provided the greatest voltage
reduction (up to 40.2%) and in the fixed-fixed case, a linearly varying gap with a flattened
bottom provided the greatest voltage reduction (up to 30.5%). These simple electrode shapes,
while not necessarily optimal, provide significantly large reductions in pull-in voltage, while
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still maintaining the same maximum beam displacement. Further reductions obtained from
optimal electrode shapes are believed to be minimal.
A set of test structures called VM-TEST was developed as an efficient method to deter-
mine the mechanical properties of thick metal layers using the pull-in voltage of electrostati-
cally actuated structures [109]. This is important as the accurate experimental determination
of material properties strengthens the connection between simulated and fabricated devices.
The addition of auxiliary structures made existing pull-in voltage equations inaccurate. Cor-
rections were made by performing finite element simulations on both ideal and fabricated
structures. Results from nickel and gold samples give Young’s modulus values of 186.2 GPa
and 60.8 GPa respectively.
These results were shown to significantly improve the difference between measured and
simulated actuation voltage values for the leveraged bending capacitor device. At maximum
capacitance, with experimentally determined mechanical properties, the voltage varies by
only 3% where as in the case of bulk nickel mechanical properties, the voltage varies by 9%.
These experimentally determined mechanical properties would also improve the differ-
ence in measured and simulated pull-in voltages for the pull-away style variable capacitors.
Simulated pull-in voltages using bulk values were too large and the experimentally deter-
mined Young’s modulus values would decrease these values. A comparison is possible, but
results drawn from these conclusions are likely inaccurate as these structures were fabricated
at different times using different electroplating baths.
The devices in this work feature an approximately 3 µm Ti/TiOx electroplating seed layer
over the entire substrate. To electrically isolate the structures and time-critically release the
thin beams this seed layer must be etched. The challenge in this step lies with the narrow
and deep air gaps. Uniform penetration of the etchant into these gaps has been found to be
difficult with traditional titanium etchants such as 5% HF acid. When the etchant is slow in
moving into the gaps, the larger structures become severely underetched before the beams
are fully released from the substrate. A solution was found by diluting the concentrated 48%
HF to 10% by volume using isopropanol (IPA) instead of DI water. This lowers the surface
tension, improving the penetration of the etchant into the gaps, resulting in increased etch
uniformity. In addition, a 5 minute pre-soak in pure IPA then a direct transfer into the
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etchant was beneficial as this helps to fully wet the gaps and draw the etchant into the gaps
during the etch step. This etching technique will allow for the uniform etching of a wide
class of high aspect ratio structures.
8.2 Contributions
Specific contributions of this work include:
1. Fully realizing the pull-away style RF MEMS variable capacitors [5, 50, 85].
2. Analysis of the stiction phenomena and how it relates to this class of structures and
materials [86].
3. Development of RF MEMS variable capacitors with a significantly increased tuning ra-
tio over the pull-away style variable capacitors, using the principle of leveraged bending.
4. A study on the shape of the actuation gap that allows the actuation voltage to be
significantly reduced, while still maintaining a required actuator displacement [110].
5. Development of a set of test structures called VM-TEST to determine the mechanical
properties of thick metal layers [109].
6. An improved titanium etchant for uniformly etching high aspect ratio holes and
trenches.
8.3 Future Work
The following items should be investigated to continue the current study and to more thor-
oughly investigate the subject:
1. Further characterize the pull-away and leveraged bending style variable capacitors in
terms of reliability, power handling capability and tuning speed.
2. Testing of the leveraged bending style variable capacitors in smaller device sizes and
higher conductivity metals should be performed.
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3. For the VM-TEST mechanical material property structures, future work will concen-
trate on investigating fixed-fixed beams with higher stress samples, automation of the
conversion process from measured pull-in voltage values to ideal, improving the ac-
curacy of the pull-in voltage measurement, improving the accuracy of beam and gap
measurements, and determining the associated error.
4. Both the modified pull-away variable capacitor designs and the switch designs included
on the layout should be tested and characterized.
5. Electrical material properties, similar to the mechanical material properties, should
be more comprehensively determined as this determines the accuracy of simulations.
Of particular interest is the uncertainty in the relative permeability of nickel at high
frequencies.
6. Future designs should incorporate the modified gap shapes that were developed to
reduce the required actuation voltage.
7. The application of monolayers as an anti-stiction mechanism should be further inves-
tigated. In particular, the removal of the native oxide layer from the nickel surface
before the application of the monolayer should be attempted.
8. A high aspect ratio to planar transition structure should be designed, fabricated and
tested that can efficiently connect tall structures to planar structures and would sim-
plify the interface to planar circuitry.
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